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ABSTRACT  
The epidermis is every plant's interface with the environment. This dynamic tissue serves 
as a protective barrier against biotic or abiotic threats and controls the plant's exchange of gas, 
water and nutrients. Epidermal development is environmentally sensitive, allowing plants to 
adapt successive phytomers to serial stresses and opportunities throughout the growth cycle. 
During leaf development, cell patterning, cytological features and epicuticular wax deposition 
respond dynamically to environmental factors including CO2 concentrations (p[CO2]). Gas 
exchange is controlled by stomata, epidermal pores flanked by a pair of guard cells that regulate 
their aperture in response to light, humidity and p[CO2]. The number (stomatal density, SD) and 
proportion (stomatal index, SI) of stomata in the leaf epidermis directly affects the plant’s ability 
to control gas exchange and these metrics change in response to p[CO2]. In this study, changes in 
the leaf epidermis under elevated and ambient CO2 have been characterized across the plant life 
cycle and the genetic basis of these traits has been explored by quantitative trait locus (QTL) 
mapping of an Arabidopsis recombinant inbred (RI) population. In order to quantitatively 
characterize thousands of Arabidopsis leaf epidermis samples, a new method for high-throughput 
epidermal phenotyping was developed. Optical topometry (OT) is a fast, reliable method of 
surface metrology that allows for data-rich, non-destructive measurement of any surface at 
nanometer resolution. As a result of exploring this technology’s applicability to plant surfaces, I 
report a variety of epidermal features in over 30 accessions of Arabidopsis plus other species, 
including herbarium and fossilized samples. OT was used to track morphological changes on the 
plant epidermis and can also be used to measure difficult phenotypes such as cuticular wax levels 
and stomatal depth. The high-throughput, high-resolution capabilities of OT were used to 
conduct a QTL mapping study to identify loci involved in epidermal patterning and stomatal 
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characteristics under varying p[CO2]. Using the Bay x Sha RI population, 10 gene loci were 
identified that putatively contribute to eight leaf epidermal traits. The information provided by 
the QTL analyses creates a strong foundation for a genome-wide association study to better 
understand the genetic influence of these ten loci. The final chapter of this thesis describes how 
stomatal development, specifically SI, is affected by p[CO2] across leaf tissue at different stages 
in the plant life cycle. The data suggest that p[CO2] regulation may be controlling SI via satellite 
stomata formation and that SI can be affected by the environment conditions experienced by 
older tissue, including a seed's the maternal environment as well as that under which it 
germinates. Together these results expand our current understanding of epidermal patterning 
under varying p[CO2] and the role of p[CO2] in stomatal development.  
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Chapter 1: A Review of Stomatal Development 
Miranda J. Haus1 and Thomas Jacobs1 
1Department of Plant Biology, University of Illinois at Urbana Champaign, IL, USA 
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The leaf epidermis of most angiosperms is composed of pavement cells interspersed with 
trichomes and stomata. Pavement cells create a barrier between the environment and the internal 
leaf tissues, and are responsible for expressing and transporting cuticular and epicuticular waxes 
to the leaf surface. Stomata control the exchange of CO2 and water between the plant and the 
environment through guard cell mediated changes in aperture. The opening and closing of 
stomata is sensitive to environmental cues such as water, light, and CO2 concentrations, allowing 
plants to optimize the uptake of CO2 while minimizing the loss of water. Development across the 
epidermis is dynamic and cell patterning, cell features, and wax quantities change in response to 
environmental factors such as CO2 concentrations (Woodward and Kelly, 1995; Chinnusamy et 
al., 2003; Lake and Woodward, 2008; Gorsuch et al., 2010; Javelle et al., 2011; Peak and Mott, 
2011; Yang et al., 2011; Carins Murphy et al., 2014; Zhou et al., 2015). This plasticity allows 
plants to adapt to changing environmental conditions during their life cycle.  
Cell Fate Transitions During Stomatal Development Pathway 
Stomatal patterning is primarily characterized by two experimental measurements: 
stomatal density (SD) and stomatal index (SI). SD is the number of stomata found within a given 
area; SI is the proportion of stomata to total epidermal cell number. SD can be affected by both 
stomatal number, as well as pavement cell size, so it may incorporate physiological or 
morphological effects that are not specific to development. SI, on the other hand, measures the 
number of times in which a precursor cell became a stomata instead of a pavement cell, focusing 
specifically on developmental events. In Arabidopsis, the development of a stoma follows a non-
random, three-step progression that includes a series of asymmetric cell divisions and ends with 
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a single symmetric division (Figure 1.1). A stomatal precursor, known as a meristemoid mother 
cell (MMC), initiates the pathway by undergoing an asymmetric entry division. This entry 
division establishes a large stomatal lineage ground cell (SLGC) and a smaller, triangular 
meristemoid. Meristemoids continue to divide several times, amplifying the number of 
neighboring SLGCs that separate any two stomata from one another (“amplification divisions”). 
This phenomenon is the basis of the “one-cell-spacing rule” and is observed across species (Hara 
et al., 2007). When stomata break the one-cell-spacing rule, they are considered “clustered.” 
Clusters are comprised of at least two adjacent stomata, but a variety of mutants that break the 
one cell spacing rule have shown to have upwards of 6-9 adjacent stomata. The meristemoid 
eventually stops amplification divisions and differentiates into an oval guard mother cell (GMC). 
GMCs complete the pathway by dividing symmetrically to produce two guard cells that define 
the stomatal pore. The most recently derived SLGC from the stoma or GMC can undergo a new 
asymmetric cell division, positioning another meristemoid distal to the GMC. These new 
meristemoids will progress through the stomatal lineage and are referred to as satellite stomata.  
In short, the stomatal lineage pathway is relatively linear, in which a precursor cell moves 
through three cell stage transitions. Differential cell morphology at each stage of development 
allows the identification of each type of stomatal precursor by microscopic observation of the 
epidermis. The pathway has incorporated a series of spacing and amplification divisions to 
ensure no two stomata border one another. 
Genetic Regulation of Stomatal Development Pathways 
 The genetic regulation of stomatal development has become well defined in recent years 
(Figure 1.1). Signaling begins when small, mobile extracellular proteins bind to leucine-rich-
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repeat receptor-like kinases (LRR-RLKs) embedded in the membrane of stomata precursor cells. 
The extracellular signals belong to a subfamily of small, secretory proteins and include 
EPIDERMAL PATTERNING FACTOR1 (EPF1), EPIDERMAL PATTERNING FACTOR2 
(EPF2), CHALLAH (CHAL), and STOMAGEN (Abrash and Bergmann, 2010; Hara et al., 
2009; Hunt and Gray, 2009; Sugano et al., 2009). Each of these signal proteins is thought to bind 
to LRR-RLK heterodimers consisting of TOO MANY MOUTHS (TMM) and ERECTA family 
proteins (ERfs) (Shpak et al., 2005). TMM and ERfs interact with transmembrane proteins 
SOMATIC EMBRYOGENESIS RECEPTOR KINASE (SERK) family proteins (Meng et al., 
2015). This transmembrane protein complex transduces the signal by initiating a MAP kinase 
signaling cascade. As a result of activation by TMM, SERKS, and ERfs, the MAP kinase 
cascade inhibits transcription factors that would otherwise promote stomatal development at each 
point along the three-step pathway (Lampard et al., 2009). Thus, the pathway is largely 
controlled by negative regulation. An exception is STOMAGEN, a positive regulator of stomatal 
development (Sugano et al., 2009). STOMAGEN hinders transmembrane signaling that, in turn, 
promotes stomatal development by inhibiting negative regulators (MAP kinases).  
 The transcription factors phosphorylated and thereby inhibited by the MAPK pathway 
include SPEECHLESS (SPCH), MUTE, FAMA, and SCRM1/2. These basic-helix-loop-helix 
proteins, SPCH, MUTE, and FAMA, all heterodimerize with SCRM1/2 to promote stomatal 
development, but each is expressed at distinct developmental times (Kanaoka et al., 2008; Adrian 
et al., 2015). SPCH initiates entry into the stomatal lineage pathway by promoting MMCs into 
becoming meristemoids (Lampard et al., 2008). MUTE then guides the meristemoids to commit 
to the pathway inducing into formation of GMCs. GMCs then differentiate into a stomatal 
complex by undergoing a single, symmetric division, a process directly downstream and 
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controlled by FAMA. It addition to the inhibition by a MAPK signaling cascade, SPCH has been 
shown to reduce activity after phosphorylation and can also be phosphorylated through the 
brassinosteroid signaling pathway (Gudesblat et al., 2012). 
 The aforementioned pathway is the stomatal lineage developmental pathway, but 
additional genes are involved in pattern enforcement. Stomata patterning is tightly controlled by 
a one-cell spacing rule such that no two stomata share a common wall. Amplification divisions 
are the product of asymmetric divisions in MMCs and meristemoids and are regulated by 
proteins such as BREAKING OF ASYMMETRY IN THE STOMAL LINEAGE (BASL) and 
POLAR (Dong et al., 2009; Pillitteri et al., 2011). Before an amplification division, both of these 
proteins localize to the one side of a stomata precursor cell. POLAR activity is dependent upon 
BASL and it hypothesized that the two work together to promote each other’s asymmetric 
cellular localization within stomatal precursor cells (Pillitteri et al., 2011). After the division, the 
daughter cell that previously contained POLAR and BASL usually go on to become a pavement 
cells, while the stomatal lineage precursor cell continues down the stomatal lineage pathway. If 
the new SLGC enters the stomatal lineage pathway through the satellite stomata pathway, 
POLAR and BASL will localize to the side most proximal to the neighboring GMC. BASL is 
known to inhibit the actions of SPCH on neighboring cells via phosphorylation of proteins in the 
MAPK pathway (Zhang et al., 2015).  
Stomatal Developmental Responses to Environmental Stimuli 
While over 30 genes involved in the stomatal lineage pathway have been identified, the 
mechanisms concerning environmental control over stomatal development are fragmented in 
comparison (Figure 1.1). The MAPK signaling cascade involved in stomatal development is 
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environmentally sensitive to many cues (Wang et al., 2007). Light, humidity, temperature and 
CO2 concentrations have all demonstrated regulation of the stomatal development pathway. 
Stomatal numbers are positively correlated with light incidence, with an increase in SI under 
high light and a decrease in SI under low light (Lake et al., 2001; Casson et al., 2009). The red-
light photoreceptor phytochrome B (PHYB) is responsible for initiating the response to light and 
binds to CONSTITUTIVE PHOTOMORPHOGENIC 1 (COP1) protein under high light 
conditions (Kang et al., 2009; Lu et al., 2015). Under shaded conditions, COP1 cannot bind 
phyB and this phyB activity correlates to lower expression of the stomatal pathway transcription 
factors (SPCH, MUTE, and FAMA) and STOMAGEN (Kang et al., 2009; Casson and 
Hetherington, 2014; Lu et al., 2015). The extracellular protease STOMAGEN is a positive 
regulator of stomatal development and has increased expression under high light conditions 
(Hronková et al., 2015).  
Less understood is the role that temperature plays in stomatal development, but 
Arabidopsis thaliana, Quercus robar, and Gossypioum barbadense L. alter stomatal densities 
under conditions of high heat (Beerling and Chaloner, 1993; Srivastava et al., 1995; Gorsuch et 
al., 2010). The SCRM1 transcription factor is also a key regulator of cold-response pathways, 
including freezing tolerance (Chinnusamy et al., 2003; Kanaoka et al., 2008). Because of its role 
in both the freezing tolerance and stomatal development pathways, it is thought to act as the 
intersection of temperature regulation on stomatal development, but this has yet to be 
determined, in part because there is evidence that cold temperatures do not affect SI (Gorsuch et 
al., 2010). 
Decreasing humidity decreases SD in many species (Lake and Woodward, 2008; Carins 
Murphy et al., 2014; Carvalho et al., 2015). In Arabidopsis, alterations in stomatal density as a 
7 
 
response to relative humidity changes varies depending upon accession (Lake and Woodward, 
2008). Studies in the Arabidopsis Ler accession demonstrates that SI decreases in lower relative 
humidity (Lake and Woodward, 2008; Tricker et al., 2012). SPCH and FAMA are methylated 
under low relative humidity conditions with a decrease in transcriptional expression following 
shortly after (Tricker et al., 2012). The methylation events corresponded with production of local 
short-interfering non-coding RNAs and suggest epigenetic control over the stomatal 
development pathway (Tricker et al., 2012).  
Additional environmental factors have also been shown to alter stomatal numbers, but the 
mechanisms behind these are unknown. For example, parasitic phylloxera can ectopically induce 
expression of stomata on adaxial leaf galls (Nabity et al., 2013). Interestingly, stomatal clustering 
has also been shown to be both genetically and environmentally regulated. Specifically, when 
grown in sealed containers or on sucrose media, there is a significant increase in clustering 
events on Arabidopsis leaves (Serna and Fenoll, 1997; Akita et al., 2013).  
Stomatal Developmental Responses to CO2 Concentrations 
Atmospheric ρ[CO2] has risen from 280ppm to 400ppm since pre-industrial times. 
Approximately 40% of the atmospheric CO2 passes through stomata each year and some of this 
CO2 is used to create plant biomass (Ciais et al., 1997). Ironically, the same increase in 
atmospheric ρ[CO2] that contributes to a rise in temperature and drought is that which will help 
plants maintain productivity despite these environmental changes (Parry et al., 2004). In elevated 
ρ[CO2], stomatal number is reduced in many plant species allowing for less water loss with equal 
carbon uptake during transpiration (Muchow and Sinclair, 1989). Because stomata play such a 
central role in informing plants about the gaseous environment as well as maintaining water 
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balance, understanding their developmental responses to climate change may be valuable for 
managing future crop plant performance. SD, SI and stomatal size have all been show to vary 
between species in response to ρ[CO2] (Woodward, 1987 and Woodward and Kelly, 1995) as 
well as between genotypes within the same species under ambient ρ[CO2] conditions (Delgado et 
al., 2011). Natural variation of stomatal response to ρ[CO2] within Arabidopsis represents a 
potential resource for exploring the mechanisms underlying ρ[CO2] control of stomatal 
development, but has not been thoroughly explored to date.  
Environmental regulation of stomatal development results in disruptions in patterning by 
altering either of SD or SI. For example, there is an average 29% decrease in SD across all 
species measured at 750ppm, yet little information is available regarding the mechanistic basis of 
this effect (Woodward and Kelly, 1995; Woodward et al., 2002). Three genes that affect SD and 
SI in response to ρ[CO2] have been described (Figure 1.1), but how they interact to control 
stomatal development is unknown (Gray et al., 2000). HIGH CARBON DIOXIDE (HIC) is a 3-
keto acyl CoA synthase homologous to fatty acid synthase enzymes that control cuticular wax 
morphology. Mutations in HIC significantly increase SD and SI by 34.2% and 22.9% in elevated 
ρ[CO2], respectively (Gray et al., 2000). Fatty acid synthases have been demonstrated to play 
critical roles in epidermal development (Bird and Gray, 2003). Many of the homologous fatty 
acid synthase genes have been found to regulate SD and SI in response to ρ[CO2], but HIC is 
unique in that it is expressed in guard cells. Moreover, cuticular wax morphology does not 
change in hic mutants when observed by scanning electron microscopy indicating HIC has a 
different function than its homologs (Gray, 2000). 
 The second gene known to affect SD and SI in relation to ρ[CO2] is CARBONIC 
ANYHYDRASE (CA). SD has been negatively correlated with increasing internal CO2 
9 
 
concentrations (Šantrůček et al., 2014). When CO2 first enters the plant through the stomata, CA 
catalyzes the conversion of CO2 and water into bicarbonate (HCO3-). HCO3- is primarily taken 
up by mesophyll cells for photosynthesis, but bicarbonate also effects stomatal opening. Plants 
carrying mutations in CA increase their SD and SI compared to the wild type, but the mechanism 
of this disruption is unknown (Hu et al., 2010). 
A third gene, CO2 RESPONSE SECRETED PROTEASE (CRSP), was recently reported to 
play a role in CO2 regulated stomatal development. CRSP is a member of the subtilisin-like 
family of secretory proteases and cleaves the pro-peptide EPF2 (Engineer et al., 2014). EPF2 is a 
transmembrane protein that inhibits stomatal development and binds CRSP in vitro. When grown 
in elevated p[CO2], plants with a loss-of-function mutations in either EPF2 or CRSP display a 
higher SI than plants grown in ambient p[CO2]. CRSP mRNA levels decrease in elevated 
p[CO2], but both CRSP and EPF2 have higher expression under elevated CO2 concentrations in 
ca1ca4 Arabidopsis double mutants.  
 
Long Distance Signaling and Stomatal Development 
 
Long distance signaling networks in plants can relay information about the environment 
from mature organs to developing tissue near the meristem (Wigge, 2011). This allows newly 
developed organs to alter development for optimized growth under changing environmental 
conditions including light (shade), water, nutrients and ρ[CO2]. A variety of macromolecules, 
including mRNAs, small RNAs, signal proteins and various small metabolites, transmit these 
long distance signals through the phloem vascular tissue.  
A long distance signal regulating stomatal development relative to ρ[CO2], light intensity, 
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and humidity has been proposed across multiple species (Coupe et al., 2006; Lake et al., 2001; 
Schoch et al., 1980; and Thomas et al., 2003). In addition, stomatal conductance of older leaves 
is strongly correlated with SI younger leaves in poplar (Populus trichocarpa × P. deltoids) 
(Miyazawa et al., 2006). This long distance signal regulates SD and SI by relaying external 
information to new leaves based on the experience of mature leaves (Lake et al., 2001). Lake et 
al., designed a small cuvette system to expose mature and young, developing rosette leaves to 
different levels of CO2 (2001). Rosette leaves were fed a constant ρ[CO2] while new leaf 
primordia developed in the alternate ρ[CO2]. Both SD and SI of newly matured leaves decreased 
when the older rosette leaves were exposed to elevated ρ[CO2], regardless of the ρ[CO2] 
experienced by the newly matured leaves. Similarly, newly matured leaves in both ρ[CO2] 
environments recovered the ambient ρ[CO2] stomatal pattern when the rosette was grown in 
ambient ρ[CO2].  
These few reports stand as essentially the only evidence for systemic signaling in 
response to changing ρ[CO2]. Since these reports were first identified over a decade ago, no new 
information has come to light to indicate how this information is relayed through the plant or if 
this phenomenon is present across other plant tissues. EPF4 and EPF6 have a wide expression 
including hypocotyls and stems (Torii, 2012). They have been shown to mediate ER-family 
receptor activity in phloem tissue that regulates stem architecture, but any relationship this might 
have with stomatal development is unknown (Uchida et al., 2012). 
 
Environmental Response of Wax and Roles in Stomatal Development 
Epicuticular wax is a key player in controlling plant water loss and its composition 
changes as leaves develop (Jetter and Schäffer, 2001; Bourdenx et al., 2011). Epicuticular waxes 
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have also been used to identify unique chemotaxonomic signatures for understanding 
paleoecology (Bush and McInerney, 2013). Like stomatal numbers, epicuticular wax deposition 
changes in response to environmental cues including abscisic acid, water stress and carbon 
dioxide (Kosma et al., 2009; Bourdenx et al., 2011; Zhou et al., 2015). These stresses also 
associate with an increase in ECERIFERUM1 transcript expression (Kosma et al., 2009). 
Moreover, epicuticular wax accumulation is a sink of carbon reallocation when plants are grown 
in elevated CO2 concentrations (Zhou et al., 2015). 
Epicuticular wax biosynthesis has also been implicated in regulating stomatal 
development, but the mechanistic link between the two is unknown (Bird and Gray, 2003). 
Several loss of function mutations in members of the ECERIFERUM gene family (e.g., CER1, 
CER3, AND CER6) increase SI, while loss-of-function mutants in WAX2 decrease SI (Gray et al., 
2000; Chen et al., 2003). In addition, mutations in wax synthesis genes alter stomatal 
development, but sometimes only in extreme environmental conditions. For example, 
overexpression of cuticular wax synthases WAX INDUCER 1/SHINE1(WIN1/SHN1) has been 
shown to inhibit stomatal development under drought conditions (Yang et al., 2011). To date, 
however, the only gene identified linking wax concentrations and carbon dioxide control over 
stomatal development is HIC, of which, no mechanism has yet been identified. Because of the 
shared role that wax and stomata play in preventing water loss, these pathways may share a 
common regulatory link in stomatal development's CO2 sensitivity, but the connection between 
the two is unresolved. 
Aims and Relevance of Research Described in this Thesis 
 The genetic control of stomatal development is well characterized, but the environmental 
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control over this developmental pathway is poorly. The research described in this thesis was 
intended to better understand the regulation of stomatal development by carbon dioxide. In order 
to apply a large scale quantitative genetics study to identify genes in the pathway, we first 
needed to find and develop a high-throughput phenotyping method to collect rich datasets. As a 
byproduct of this search, we worked out novel methods including techniques to measure 
recalcitrant tissue, such as ungerminated cotyledons, and identify wax deposition across the leaf 
epidermis. Given the growing understanding of the stomatal development pathway, we could 
then apply these new methods to a genetic mapping study to identify loci involved in regulation 
by p[CO2]. Finally, my thesis endeavors to contribute to a decade-old suggestion of p[CO2]-
induced systemic signaling of stomatal development across plant tissue.  
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Figure 1.1. Environmental Regulation of the Stomatal Development Pathway. Proteins known to 
work in the same environmental response pathway are in similar colors. Images of Arabidopsis 
stomata are from optical topometry.   
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Chapter 2: Application of Optical Topometry to Analysis of the Plant Epidermis  
 
Miranda J. Haus1, Ryan D. Kelsch1, and Thomas W. Jacobs1 
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ABSTRACT 
 
The plant epidermis regulates key physiological functions contributing to photosynthetic 
rate, plant productivity and ecosystem stability. Yet quantitative characterization of this key 
interface between a plant and its aerial environment is laborious and destructive with current 
techniques, making large-scale characterization of epidermal cell parameters impractical. Here 
we present our exploration of optical topometry (OT) for the analysis of plant organ surfaces. OT 
is a mature, confocal microscopy-based implementation of surface metrology that generates 
nanometer-scale digital characterizations of any surface. We report epidermal analyses in 
Arabidopsis and other species as well as dried herbarium specimens and fossilized plants. We 
evaluate the technology’s analytical potential for identifying an array of epidermal characters, 
including cell type distributions, variation in cell morphology and stomatal depth, differentiation 
of herbarium specimens and real-time deformations in living tissue following detachment. As 
applied to plant material, OT is very fast and non-destructive, yielding richly mine-able data sets 
describing living tissues and rendering a variety of their characteristics accessible for statistical 
and structural analysis.  
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INTRODUCTION 
High throughput methodologies are enabling ever-more precise and integrated analyses 
of plant genomes, transcriptomes, proteomes and metabolomes. However, connecting such 
comprehensive molecular data sets to the higher orders of plant organization that they control 
depends upon capturing correspondingly precise and authentic quantitative depictions of plant 
cell biology, anatomy and developmental features. High-throughput phenotyping techniques, 
enabling the speed and accuracy of data acquisition characteristic of “omic” technologies, are 
now needed if we are to forge mechanistic links between macroscopic plant phenotypes and their 
molecular underpinnings. 
This report addresses the challenge of structurally phenotyping the plant epidermis. A 
widely used and cost effective method for quantifying epidermal phenotypes employs nail polish 
and/or dental resin to create an impression of the tissue surface followed by imaging under light 
microscopy (Geisler et al., 2000; Delgado et al., 2011). Resultant images are then manually 
quantified using image analysis software such as ImageJ or Cell Profiler, yielding outputs such 
as cell sizes, stomatal index (number of stomata per total cell number) or stomatal density 
(number of stomata per unit area). Methods appropriate for smaller scale studies involve tissue 
fixation and staining or transgenic marker lines (Dow et al., 2014; Lawson et al., 2014). These 
current methods share common disadvantages of tedious sample preparation and low throughput. 
More elaborate methods involving fluorescence and electron microscopy are encumbered by the 
additional disadvantage of higher imaging equipment costs (Salomon et al., 2010). Finally, 
nearly all of these methods are somewhat or completely destructive, allowing for but a single 
time point to be measured per sample. 
Optical topometry (OT) is one of many technologies serving the field of surface 
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metrology, the study of microscopic features of both natural and manufactured surfaces. Under 
the rubric of OT are found diverse methodologies for collecting data, all of which rely on a 
surface's response to incident light. Other approaches to surface metrology rely on physical 
contract between the instrument's probe and the surface (atomic force microscopy [AFM], for 
example). Unlike profilometry, which gathers data as a series of profiles, topometry gathers data 
as a series of planes. The instrument used in this study deploys multi-pinhole, spinning disc 
confocal microscopy to measure the nano-scale topography of surfaces with high accuracy and 
reproducibility (Bullman, 2003; Weber, 2006; Ghazal and Kern, 2009; Weber, 2009; Pastorelli et 
al., 2013). Unlike many topometric instruments that rely on specular reflection, the instrument 
employed in this study collects data as a distribution of light intensities. This allows for finer 
resolution and faster data collection. Applied to biological materials, the method is non-
destructive and yields information-rich data sets containing both topography and reflective 
intensity for each coordinate in the field of view. OT has as yet seen limited application in 
biology, revealing details of wear on grazing ungulate teeth in one of the few published 
applications (Schulz et al., 2010). Here, we apply OT technology to the analysis of the cellular 
makeup of the plant epidermis and in so doing, demonstrate its high through-put, wide spatio-
temporal resolution, and stunning dimensionality. While this report focuses on phenotypes of the 
plant epidermis, the technology is well suited and yet underexploited in other biological 
applications. 
A plant’s epidermis represents the interface between its internal architecture and the 
surrounding substrate and atmosphere, with the above-ground portion regulating gas exchange: 
carbon dioxide uptake and transpirational water loss. The aerial epidermis in most plant tissues 
consists of pavement cells interspersed with trichomes and stomatal guard cells. Pavement cells 
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provide mechanical support for the leaf and synthesize lipids that contribute to its epicuticular 
wax layer (Javelle et al., 2011). Gaseous flux between plant tissues and the atmosphere is 
controlled by the stomata, microscopic epidermal pores defined by the gap between two guard 
cells whose coordinated deformations alter pore aperture. The two-way passage of gasses 
through stomatal pores is known as stomatal conductance and is tightly regulated to balance the 
uptake of carbon dioxide with water loss under varying environmental conditions.  On short, 
physiological timescales, plants adjust stomatal conductance by altering stomatal pore aperture 
within minutes of sensing an environmental cue such as a change in humidity, light quality and 
level, and water availability (Creese et al., 2014). On longer, developmental timescales, plants 
alter stomatal conductance by changing the density, size, and depth of stomata during leaf 
ontogeny, again in response to the same environmental cues (Pillitteri and Torii, 2012).  
Epidermal features also control a plant’s interaction with biotic components of its environment.  
For example, stomata act as gratuitous gateways to bacterial and fungal pathogen entry 
(Gudesblat et al., 2009).  The epidermis of many plant species also includes trichomes, elongated 
cells that act primarily to protect organs from insect herbivory. In many cases, such as in the 
Bromeliaceae and Asteraceae families, trichomes increase the boundary layer near stomata, 
enhancing epidermal roughness and reducing stomatal conductance (Schreuder et al., 2001; Benz 
and Martin, 2006). 
 
MATERIALS AND METHODS 
 
Plant Materials and Growth Conditions 
Accession Col-0 was used for all Arabidopsis thaliana measurements with the exception 
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of the epidermal cell lobing determinations in which rop2 mutant lines (SALK_055328C) were 
used. Both are available from the Arabidopsis Biological Resource Center. Arabidopsis seeds 
were imbibed at 4°C in the dark for 3 to 5 days, then sown onto autoclaved soil prepared as a 3:1 
(vol:vol) mixture of Sunshine LC1™:Vermiculite (approximately 100 cm3 of soil/plant), pre-
wetted with a 1.2g/L Gnatrol™/water solution to control fungus gnat (Bradysia coprophila) 
infestation. After seven days, each of 36 pots in 4 x 9 cell Compak™ trays were thinned to one 
plant. Trays were positioned under 48" T8 cool white, high output fluorescent lamps (32W, 
4100°K) positioned 12 inches above the soil surface of the pots on the shelf below. Growing 
conditions were 18 to 20°C (day and night), with 12h days (100 to 120μE m-2s-1)/12h nights. 
Trays were watered from beneath and fertilized each week from 14 days after germination with 
Miracle Gro™ 15-30-15 (N-P-K) fertilizer. Optical topometry data sets for the Arabidopsis 
epidermis were collected from the sixth fully mature leaf, on both sides of the central vein, at the 
organ’s proximal-distal midpoint. Tissues from native trees were collected from the University 
of Illinois campus. All tissues from non-native species other than Arabidopsis were collected 
from plants grown in the Plant Biology Conservatory collections at the University of Illinois. 
Preserved Acacia leaf samples were provided by the University of Illinois herbarium. The 
Chicago Natural History Museum provided fossil specimens, including Quercus agrifolia. 
 
Data Collection, Software, and Computations 
All surface topographies were measured using a Nanofocus µsurf explorer® optical 
topometer at 50x magnification with a 0.8 numerical aperture (unless another objective is noted). 
All measurements are 320 x 320µm (x-y) with a lateral resolution of 0.7µm and a theoretical 
vertical resolution of 2nm (ISO/NP25178-600). Data acquisition takes five to 30 seconds, 
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depending on the topographic complexity of the surface being measured. All samples were 
measured directly on the instrument’s stage with no prior sample preparation. Although upper 
and lower z-scale limits were set manually for each sample in our study, this can be automated 
for an entire session. Especially curly leaves were flattened by adhering to double-stick tape on a 
glass slide prior to measurement. Measurements were saved in .nms file format and z-stacks 
were saved as .set files. All data were analyzed using µsoft Analysis Premium® software. 
International Organization of Standardization (ISO) 3D surface parameters are calculated 
by the Nanofocus instrument’s included software and batch processed to output a single 
spreadsheet file of a data set (ISO27158-2:2012). Parameters used in this study include the 
average peak height (Sq), the mean surface roughness (Sa), and the material volume (Vm). All 
parameters are measured based on the data points within the measurement, not across the entire 
leaf.  
 
RESULTS 
 
Optical Topometry Provides High Resolution Epidermal Measurements 
OT is not an imaging technology, but a measurement technology. Therefore, images 
obtained via OT are generated by software supplied with the instrument based on collected 
topometric measurements. With the instrument used for this study, OT measurements were 
routinely obtained in 30 seconds and return both topography and reflective intensity, with no 
prior sample preparation or damage whatsoever (Figure 2.1). Sampling rate varies across species 
and is dependent on tissue condition. Approximately 30 measurements per hour can be collected 
for Arabidopsis samples, or two minutes per measurement. The movable stage of the instrument 
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used in this study is programmable for capturing a grid of measurements. 'Stitching' allows 
adjacent individual measurements to be assembled into a high resolution topographic description 
of tissue across the leaf. Using the hardware and software employed in this study, ten thousand 
measurements can theoretically be stitched together as a 100x100 grid of individual 
measurements. However, computational limitations restrict the practical grid size to 10x10. This 
allows for gathering the topography for entire cotyledons or small leaves, but only portions of 
large leaves. Automatic stitching is limited to a height range of 250µm across the grid. Any data 
points outside this range must be gathered separately and manually stitched together (Nabity et 
al., 2013). Automatic stitching can require more time for the system to gather and align 
measurements. For example, gathering ten grids of 4x1 each from leaves of the monocot Setaria 
viridis takes approximately one hour, somewhat longer than the time required to manually 
acquire forty individual Setaria measurements. 
Using the software provided with the instrument, OT consistently outperformed the 
traditional nail polish impression technique in both data quality and throughput. The same 
sample field is shown in Figure 2.1, visualized by nail polish impression under bright-field light 
microscopy as well as reflective intensity and topography measurements from OT. The 
readability of the nail polish image for automated counting software suffers from cell boundaries 
occurring in and out of the focal plane, resulting in inconsistent colors and clarity of cell 
boundaries within and across images. Such irregularities and sample-to-sample variation 
confound automated cell counting algorithms. It is difficult to resolve smaller and newly 
developing cells in nail polish impressions. Because OT measures the source material itself and 
not an impression thereof, boundaries between two recently divided pavement cells tend to be 
better defined (Figure 2.1A). OT images also lack various extraneous artifacts that occur in 
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images of nail polish impressions (Figure 2.1A).   
 
Separation of Cell and Leaf Level Features with the Form Removal Operator  
A single topographic measurement of a plant’s epidermis consists of layered polynomials 
that, in the aggregate, fully describe the surface’s three-dimensional character. Considered 
individually, each polynomial defines a single profile (called a ‘form’) ranging from the overall 
gross leaf curvature down to individual cell morphologies. A form is a component of topography 
with a wavelength equal to the surface measured.  With increasing polynomial order, a form will 
have a more complex contour that incorporates finer features of waviness and follows the relief 
of the surface more closely, ultimately defining the pillowed shapes of individual cells. Standard 
OT analytical software can mathematically remove selected forms from within a given 
measurement (Smith, 2002; Forbes, 2013). Form removal allows for better-focused analyses of 
data sets (Figure 2.2), akin to numerically flattening the saddle curvature of a potato chip to 
study its lower-order ripples. Deconstructing OT measurements into discrete polynomial forms 
allows one to analyze the plant epidermis from multiple perspectives.  
An example of the power of form removal in surface analysis is illustrated in Figure 2.2. 
The first order polynomial (Figure 2.2B) is a linear function describing the incline between the 
central vein and the leaf margin. Removing the first order polynomial from the raw topography 
(Figure 2.2A) results in a partially flattened surface with a reoriented plane (Figure 2.2C). 
Removal of the twelfth order polynomial form (Figure 2.2D), that describes primarily organ-
level effects, enables one to study only highest frequency wavelengths, features contributed by 
cell morphology alone (Figure 2.2E). Comparison of the raw measurement (Figure 2.2A) with 
the result of having removed the twelfth order polynomial (Figure 2.2E) highlights how forms 
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removal enables the analysis of cell-level features. 
 
Monitoring Leaf Volume and Cell Anisotropy Over Time 
  The non-destructive nature of OT technology enables repeated measurements of an 
unperturbed patch of live epidermal tissue over an extended time period. We assessed this 
capability in a simple analysis of changes in cellular anisotropy during leaf wilting, but this can 
be applied to leaf development over longer timescales. 
Mechanical support for plant cells arises from two fundamental structural features: the 
vacuole and the cell wall (Wolf et al., 2012). When pressure within the cell vacuole declines due 
to water loss, primary and secondary cell walls provide residual cell support. Cells tend to 
become more anisotropic as the omnidirectional drive of vacuolar turgor pressure declines. 
While cellular anisotropy is easily evident in monocot leaves, it can be comparatively obscure 
and less easily quantified in eudicot leaves with their irregular cell architecture.  Arabidopsis is a 
particularly challenging case owing to its jig-saw puzzle-like epidermal cell patterns (Wolf et al., 
2012). 
Established methods for measuring plant cell growth anisotropy rely on inference from 
clonal analysis, manual cell marking, transposable element activation, or irradiation and cell 
tracking over time to discern strain rates (Poethig and Sussex, 1985; Rolland-Lagan et al., 2005). 
Each of these methods requires considerable preparation before the experiment, followed by 
days of data collection. We assessed the capacity of OT to discern changes in Arabidopsis cell 
anisotropy by measuring a single patch of a leaf periodically after removal from the rosette. 
Arabidopsis leaf cells display little readily apparent directionality, but OT can detect a shift in 
their primary axes soon after detachment. After 30 minutes, surface anisotropy has decreased by 
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42%, developing an angular bias of 20˚ to 50˚ from perpendicular to the mid-vein (Figure 2.3, 
Table 2.1). The directionality of cell anisotropy detected with OT are comparable to those 
reported in previous studies (Poethig and Sussex, 1985; Elsner et al., 2012). OT therefore 
provides a facile method for parsing and quantifying subtle morphological transitions in leaf 
surfaces. 
Independent analyses of successive polynomial layers identify the contributions of each 
to changes in leaf topography during wilting. The volume of the surface with the first form 
removed (“Leaf”) was 35% less than the volume of the surface with the twelfth form removed 
(“Cell,” Figure 2.4). Comparison of initial volumes among the transformed layers demonstrates 
how each layer contributes independently to overall surface volume. Significant leaf volume is 
lost within the first twenty minutes following detachment from the rosette, after which there is no 
significant difference between the raw, first and all-but-one form removed measurements. 
Polynomial layers are statistically indistinguishable after 30 minutes of wilting due to flattening 
of leaf and cell architecture. For this particular OT configuration, volume is a better descriptor of 
changes in the measurement than surface area as surface area increases as valleys appear (Figure 
2.5).  Species with more substantial leaves than Arabidopsis (e.g., maize and miscanthus) 
demonstrate different kinetics of deformation after abscission (data not shown). 
 
Automated Cell Counting 
An attractive feature of OT is its potential to facilitate automated enumeration of cells on 
the surface of a sampled tissue. Using the software provided with the instrument used in this 
study, a motif operator can be applied to identify segments (these usually being cells, in leaf 
samples) within a measurement, based on selected thresholds for peak distributions, minimum 
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segment size and height. Batch processing of the motif operator exports total cell number, 
average cell size, average cell height, and total three-dimensional surface area for each 
measurement. The ability of the motif operator to accurately identify cell boundaries declines as 
cell shape complexity increases across species. Figure 2.6 shows that as cell-lobing increases, 
counting accuracy suffers for Arabidopsis pavement cells compared to simpler-celled grape 
(Vitis vinifera) or maidenhair fern (Adiantum tenerum). Erroneous counts arise from the software 
improperly splitting a single cell into multiple cells, grouping part of one cell with an adjacent 
cell, or counting multiple cells as a single cell. Motif segmentation of grape leaf cells produced 
no errors owing to that species’ simple, crisp epidermal topography (Figure 2.6A, Figure 2.6B 
and Figure 2.6C). Maidenhair fern displays cell profiles intermediate between those of grape and 
Arabidopsis and motif analysis in this species yielded few segmentation errors (Figure 2.6D 
Figure 2.6E and Figure 2.6F).  
While the heavily lobed morphology of Arabidopsis leaf cells increased error rates 
compared to simpler-celled species, error rates remained nonetheless relatively low (with respect 
to manual counts, Figure 2.6G Figure 2.6H and Figure 2.6I). Most of the errors from automated 
counting arise from either the software’s inability to distinguish between partial cells and lobes 
of cells on the outermost periphery of the sample field or between lobes with especially 
pronounced height. Importantly, the motif operator could not distinguish between stomata and 
pavement cells in Arabidopsis and thus returned the sum of stomata and pavement cells. 
Distinguishing between cell types is an important objective for the future full exploitation of the 
numerical output of OT. 
 
Analysis of Cell Interdigitation Phenotypes  
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The motif operator’s flexible segmentation parameters enable the analysis of features on 
a finer scale than entire cells (Figure 2.7). Relaxed segmentation settings identify whole cells 
(Figure 2.7B) whereas more conservative, restrictive settings identify lobes within individual 
cells (Figure 2.7C). A digital transect displays cell height along the axis used to set boundaries 
between adjacent motifs (Figure 2.7D and Figure 2.7E). In the instance illustrated, a height 
change of 2µm represents the threshold selected for declaring a new motif. 
We compared OT’s ability to identify cell morphology motifs with that of conventional 
light microscopy, in the test case of wild type versus the rop2 mutant of Arabidopsis. ROP2 is a 
member of a plant-specific Rho GTPase family that regulates interdigitation of leaf pavement 
cells. In rop2 mutants, pavement cells are reported to form fewer and smaller lobes compared to 
wild type (Fu et al., 2005). Using OT, lobe parameters in rop2 and wild type epidermal cells 
were determined from local height maxima as well as a minimum area of 0.1% of the surface 
area. Motif analysis confirms a decrease in lobe number in the mutant, but no difference in total 
pavement cell numbers from Col-0 wild type (Figure 2.8. Figure 2.9A and Figure 2.9B). These 
results concur with ROP2’s role in microtubule and microfilament control of pavement cell 
morphology (Fu et al., 2005). Motif analysis further revealed that average lobe height and total 
three dimensional epidermal surface area in rop2 leaves are lower than in wild type (Figure 2.9C 
and Supp. Figure 2.9D). OT can therefore reveal novel features of this and presumably other 
mutant phenotypes in the z-dimension that have not been previously appreciated through 
observation with conventional microscopy. 
One significant limitation to this method is that the operator algorithm is formulated to 
account for every pixel in the measurement, including regions between but not part of lobes. 
Because the rop2 mutants had fewer lobes, a slight bias occurred in the rop2 data set in which 
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the average 2D areas for each lobe were inflated for the mutant line (data not shown). This bias 
precludes determination of relative lobe sizes, but not numbers, between mutant and wild type 
leaf cells.  
 
Measurements of Stomatal Depth 
A common objective of ecosystem modeling is an estimation of plant productivity and its 
feedback on future climate parameters. Stomatal conductance (gs), the rate of water loss and 
carbon dioxide uptake through the stomatal pore, plays a key role in these processes and 
therefore must be accurately represented in models. Some recent efforts to improve the Ball-
Berry-Leuning Model have focused on refining assumptions regarding gs itself (Damour et al., 
2010; Buckley and Mott, 2013; Bonan et al., 2014). More accurate modeling will require better 
representation of leaf- and cell-level parameters such as stomatal number, size and depth 
(Konrad et al., 2008; Roth-Nebelsick et al., 2009). Current methods for determining stomatal 
depth entail tissue fixation, staining and sectioning, followed by measurement under bright field 
microscopy. This laborious process requires days in order to obtain an adequately 
representational data set.  
OT can capture the depths and areas of multiple stomata over a leaf’s surface to 
nanometer precision in fresh tissue in a matter of minutes. We evaluated this application of OT 
in 19 plant species. Leaf surfaces were measured and ten stomata were chosen from each for 
depth analysis. The included software’s study function “Measurement of a Wrinkle” returns the 
depth and area of stomata with respect to surrounding pavement cells. The accuracy of OT in 
these measurements was supported by favorable comparisons with published data on stomatal 
depth in Welwitschia (embedded approximately 30µm below the epidermis; Gibson, 1996) and 
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in Oreopanax (48.3µm deep) (Table 2.2). OT analysis further demonstrated that stomatal depth 
and size are not necessarily correlated and that statistically significant variation occurs for both 
parameters across species (Figure 2.10, Table 2.2).  
Stomatal depth analysis by OT is not without procedural limitations. Because the Wrinkle 
study identifies depth and not height, an epidermis with protruding stomata must first be inverted 
in the z-dimension, in silico, such that the protrusion now appears as a stomatal crypt.  
 
Quantification of Epicuticular Wax Distribution 
The plant epidermis is covered by an epicuticular wax layer that helps conserve water and 
impede insect herbivory. Under elevated CO2 partial pressures, an increased portion of carbon 
allocation is invested in epicuticular wax synthesis, suggesting that such wax accumulation is 
advantageous, given ample resources (Zhou et al., 2015).  A high-throughput method for small-
sample quantification of epicuticular wax has yet to be reported. Visual rating of organ waxiness 
has been used to screen for mutants in Arabidopsis (Koornneef et al., 1989; Bourdenx et al., 
2011). Chemical quantification of epicuticular wax involves chloroform extraction followed by 
gas chromatography or sulfuric acid-based colorimetry (Ebercon et al., 1977; Hatterman-Valenti 
et al., 2011; Nadakuduti et al., 2012). Scanning electron microscopy (SEM) is an alternative 
option, yet costly and cumbersome for extensive studies (Tomaszewski and Zieliński, 2014). 
None of these approaches captures the potentially uneven distribution of wax across the surface 
of a single leaf or other organ. 
Epidermal glossiness is an established quantitative indicator of surface wax in fruit and 
stems (Mizrach et al., 2009; Bourdenx et al., 2011). Glossiness can be precisely quantified by OT 
and we explored this application, again on Arabidopsis leaves. Epicuticular wax is unevenly 
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distributed on some Arabidopsis leaves. In some cases, epidermal leaf wax appears thicker near 
the leaf mid-vein (Figure 2.11) than at the margins (Figure 2.11A and Figure 2.11B).  Two 
patches of epidermal tissue, one on either side of the edge of the wax pool, were measured for 
luminance. When comparing the adjacent waxy and non-waxy regions, the average luminance 
captured by OT differs significantly (Figure 2.11B; p= 0.0008). Glossy portions near the mid-
vein have one-third higher reflective intensity than the peripheral zone.  
Epicuticular waxes create epidermal surface layers of varying textures, depending upon 
the chemical composition of a particular species’ waxes. Wax deposits can protrude subtly or 
abruptly from the surface, creating rough or smooth topographies, precisely quantifiable by OT 
as a roughness parameter. Roughness is defined as the high frequency patterns that can be 
filtered separately from low frequency wavelets using a function similar to forms removal. 
Mathematically, roughness is the root mean square height deviations from the mean of the 
surface topography. In Arabidopsis, wild type stems have wax globules that form a visibly 
rough, uneven surface compared to that of smoother, loss of function wax synthesis mutant 
genotypes (Koornneef et al., 1989; Littlejohn et al., 2015).  Figure 2.11C and Figure 2.11D 
highlight the contrasting stem roughness of wild type (Col-0) and cer3 mutants. OT resolves wax 
globules as well as previously reported SEM images (Koornneef et al., 1989; Bourdenx et al., 
2011; Littlejohn et al., 2015). In order produce a roughness surface from a raw topography, we 
applied a 25µm Gaussian filter to OT measurements and then calculated the root mean square for 
height deviation (ISO 25178 Sq) using the parameters table. Roughness was significantly higher 
in Col-0 stems compared to cer1, cer3, and cer6 mutants (Figure 2.11F, p= 0.0005). Independent 
spectrophotometric quantification of Col-0 and cer3 accessions confirms a significant difference 
in wax deposition (Figure 2.11E). Because wax composition directly affects the epicuticular 
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structure of the globules, it is important to recognize that OT can mathematically identify 
morphological properties present in a roughness surface that are dependent upon the chemical 
composition of the wax. Example properties include the characterization of peak distribution, 
skewness, kurtosis, and average area (data not shown). 
This application of OT provides, to our knowledge, an unprecedentedly quick and 
quantitative method for measuring wax, not only on the whole-organ level, but among adjacent 
sections of the same tissue. 
  
Non-destructive Analyses of Rare and Challenging Samples 
OT enables access to materials for which nail polish, AFM, and SEM are either 
ineffective or inappropriate: intractable, scarce or delicate samples such as immature, waxy, 
succulent and needle-like fresh materials or fossils and herbarium specimens. Pine needles, for 
example, are a challenging material in which to study stomatal patterning, requiring both field 
emission scanning electron microscopy and white light scanning interferometry to best resolve 
surface features (Kim et al., 2011). OT, on the other hand, provides both a topography and 
intensity measurement for a given sample (Figure 2.12), with no prior preparation required 
(Figure 2.12A). Likewise, epidermal measurements of delicate, immature tissues such as an 
imbibed but ungerminated Arabidopsis cotyledon, are easily and accurately obtained by OT 
(Figure 2.12B). 
The uniqueness of herbarium specimens makes their non-destructive analysis preferable 
if not essential. One attractive application of OT might be to provide an alternative, non-
destructive and yet informative means by which to identify and differentiate closely related 
species collected and preserved on herbarium sheets (Slippers et al., 2004). DNA isolation can be 
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difficult, and is always destructive, from herbarium sheet specimens (Ribeiro and Lovato, 2007). 
We assessed OT’s capability to enable differentiation between two challenging herbarium 
specimens. Five species within the genus Acacia have been divided into two phylogenetically 
distinct subgroups based on DNA analysis. However, archival herbarium specimens representing 
the five species cannot be differentiated by conventional imaging techniques, hampering 
determination of the subgroups’ historic geographical distribution. Epidermal micro-features of 
the five species revealed by OT could be used to non-destructively identify members of the two 
Acacia subgroups, Mariosousa and Senegalia (Figure 2.13). The newly applied criteria included 
cell morphology, presence and location of trichomes and stomatal geometry (Table. 2.3).  
Fossilized plants provide data for studies of not only morphological evolution but also 
climate change (Rothwell et al., 2014). Epidermal stomatal density of certain indicator species is 
sufficiently sensitive to the partial pressure of CO2 in the surrounding atmosphere as to have 
become a proxy for past atmospheric CO2 levels (McElwain et al., 1999; Beerling and Royer, 
2002; Steinthorsdottir et al., 2011). Its nanometer-scale resolution makes OT a valuable tool for 
non-destructively analyzing the surfaces of fossilized plant tissues. Figure 2.13C and D show the 
adaxial and abaxial leaf surfaces of Pleistocene era Quercus agrifolia. Venation and distinct 
pavement and stomata cells are readily apparent and quantifiable with no damage to these rare 
samples. 
 
DISCUSSION 
 
The epidermis represents every plant’s immediate interface with the environment. 
Comprehensive and quantitative analysis of this tissue will require precisely measuring 
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epidermal features at the tissue, cell and subcellular levels. Current methods rely on confocal 
microscopy, membrane staining using propidium iodide or FM4-64, fluorescence-enabled 
imaging, AFM, SEM and nail polish or dental resin impressions. These methods, while 
established and reliable, require varying levels of destructive sample processing and, with the 
exception of AFM and SEM, are ill-suited to quantifying cell size, height, or surface topography. 
Destructive sample preparation can be costly and invariably precludes time-lapse measurements 
or other repeated sampling of a tissue. OT is a high throughput, highly precise and non-
destructive method for measuring surface characteristics at the nanometer scale. 
 
Ease, Accuracy and Breadth of OT 
OT systems are routinely bundled with powerful analysis software, empowering each 
instrument’s utility in a variety of primarily industrial and manufacturing applications. While 
analysis of the plant epidermis has been the focus of this report, OT has a variety of practical 
uses across biological research, including analyses of pollen, insect wings and silk (Figure 2.14). 
OT’s non-destructive nature enables access to rare and delicate samples. In addition, mobile OT 
systems allow repeated measurements to be taken on living plant material in the field. OT’s 
numerical output enables the calculation of previously unobtainable topographical parameters 
such as three-dimensional surface area and the mean height of a sample field. Topography and 
intensity measurements provide data that should enable the automated measurement of a variety 
of cellular phenotypes including cell number, type, size, depth, brightness, and anisotropy. 
By re-examining epidermal patterning mutant genotypes with OT, we found the 
technology to be sensitive enough to corroborate and expand upon previous studies reporting 
aberrant lobing of epidermal cells in rop2 mutants of Arabidopsis. OT further yielded the 
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unprecedented insight that the rop2 mutant phenotype extends into the z-dimension of the leaf 
epidermis. Finally, OT confirmed previously reported stomatal depth measurements in 
Welwitschia and other species. 
 
Limitations, Improvements and Extensions 
OT instruments, owing to their origins and routine use in fabrication and manufacturing 
settings, offer intuitive and highly capable user interfaces, generating measurements (and images 
rendered therefrom) in far less time than essentially all conventional forms of biological 
microscopy. One powerful yet substantially underexploited aspect of biological OT is the mine-
ability of the output data sets. Bundled OT analytical software, for all its industrial 
sophistication, flexibility and ease of use, was not written to analyze biological specimens or 
necessarily answer the sorts of questions biologists pose. Our promising results notwithstanding, 
appropriate and versatile pattern recognition software could be developed with the objective of 
automating the determination of cell type and size distributions in botanical samples. The 
available parameters of the bundled motif operator used in this study are inadequate to achieve 
the cell type discrimination that botanical OT practitioners require. For example, the bundled 
software tended to merge measurements of stomata and smaller pavement cells with larger 
pavement cells, biasing estimates of average cell size.  
Given that both stomatal size and depth contribute to stomatal conductance, and that 
these parameters vary widely across species, OT’s ability to quickly and accurately quantify 
these features suggests that modeling stomatal conductance in a species specific manner is not 
only possible, but a realistic goal for modeling future ecosystem water use. When determining 
surface features of fresh tissue, however, wilting can interfere with parameter accuracy if 
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samples are not measured in a timely manner.  OT data sets could be further analyzed by 
engineering software designed to simulate fluid dynamics of gas flow across surfaces, affording 
unprecedented analyses of the leaf boundary layer. 
The data presented in this report were gathered using a standard installation of a single 
OT instrument, without additional hardware options such as fluorescence image analysis, a 
mobile unit for field studies or serially measured rack-mounted samples. Further exploration 
with such options may reveal additional uses for OT technology in botanical, or broader 
biological, research. We learned in the course of this study that, while the mature technology of 
OT is represented by a diverse selection of instruments in the current marketplace, the instrument 
used is this study was the only one among devices tested from six different manufacturers that 
could routinely 'read' botanical surfaces. Many instruments cannot successfully accommodate the 
varying transparency and reflectivity of plant surfaces, owing to their designs' slight or 
substantial differences from that of the instrument used here. 
Finally, it should be noted that OT data sets are readily convertible into formats 
appropriate to drive 3D printers and Computer Numerical Control (CNC) machines (Figure 
2.15). This feature of biological OT, absent from conventional forms of microscopy, offers novel 
educational and even artistic opportunities in providing the means by which to amplify 
microscopic landscapes into authentic hand-held or larger models in a variety of solid media. 
 
CONCLUSION 
 
The results of our exploration of botanical OT suggest that this technology has 
significant, unexploited potential to enable measurements of nanometer-scale plant epidermal 
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phenotypes in a high-throughput manner. An obvious application is quantitative genetics, where 
very large sample sizes must be assessed with a minimum of human error. OT technology also 
enables the collection of micro-epidermal phenotypes from difficult or scarce specimens such as 
herbarium sheets and fossils, relieving sample number limitation in some studies. Importantly, 
OT also provides information-rich data sets, ripe for numerical analyses, both novel and those 
provided by the bundled software. Finally, many of these analyses can be automated, removing 
user bias and reducing throughput time and labor demand. 
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FIGURES AND TABLES 
 
Figure 2.1. Comparison of Nail Polish and Optical Topometry Techniques. All figures have the 
same unit area and are from the same location on the same leaf. A) Traditional light microscopy 
image of Arabidopsis epidermis nail polish impression. Scale = 50µm. B) Reflective intensity 
layer of OT measurement. The left arrow points to a recently divided cell in which clear cell 
boundaries can not easily be identified in the respective light microscopy image. The right arrow 
points to technical error made during the impression process that is not present in OT 
measurement. C) Topography layer of OT measurement. Color bar indicates height. 
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Figure 2.2. Demonstration of Form Removal Separating Layers within the Surface. All images 
are 319 x 319 µm and each color bar indicates height of adjacent measurement. A) Raw, 
unaltered Arabidopsis epidermal topography. B) Linear, first order polynomial to be removed 
from the original topography. C) Topography resulting from first order, linear form removed 
from the original topography. D) Twelfth layer polynomial to be removed from the original 
topography. E) Topography resulting from twelfth layer polynomial removed from the original 
topography. Removal of the twelfth form highlights cell features not identifiable in the original 
topography. The Raw topography (A) is subdivided into the combination of topographies B and 
C or a combination of topographies D and E. 
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Figure 2.3. Cell Anisotropy Captured in Wilted Leaf Surface. A) Topographies of Arabidopsis 
epidermis at four different time points after initial abscission from the rosette (time 0-30 min, 12 
forms removed, n=3, p=0.05). Color bar indicates height within the measurements. B) 
Corresponding angles for cell patterning within topographies. The relative frequency an angle 
occurs within a measurement is indicated by the amplitude on the spectrum. As isotropy 
increases, angles near 26.5° and 45° increase in amplitude, while the amplitude of all other 
angles on the spectrum decrease.  
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Figure 2.4. Change in Water Volume of a Wilting Leaf over Time. Vm was calculated as the total 
volume of space taken up by the material. The data include Arabidopsis plants transformed into 
three different sets: Raw (original, unaltered) topography, Leaf (remaining topography when the 
first form is removed) topography, and Cell (remaining topography when the twelfth form is 
removed) topography (p = 0.025, error bars, s.e.m.). Results highlight that each layer within the 
leaf contributes independently to the total volume and further suggest that the leaf has already 
lost significant volume after only 10 minutes (n=3, p<0.001). 
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Figure 2.5. Change in Surface Area of a Wilting Leaf over Time. The surface area drops and 
from 118 to 112 within the first 10 minutes of abscission. After 50 min, the surface area 
increases, most likely due to the cells developing dales (valleys) that increase area in the z-
dimension. 
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Figure 2.6. Automated Counting of Cells Across Species. A-C) Vitis reflective intensity, 
topography, and cell automated count, respectively. D-F) Adantia reflective intensity, 
topography, and cell automated count, respectively. G-I) Arabidopsis reflective intensity, 
topography, and cell automated count, respectively. The + identifies the peak used to define the 
motif. Color bars indicate heights in µm. 
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Figure 2.7A-E. Motif Operator Identifies both Cells and Lobes. A) Reflective intensity of 
Arabidopsis epidermis with false color of a single cell. B) Motif operator identification of the 
cell using relaxed parameters. C) Motif operator identification of lobes within the cell using 
conservative parameters. D) Transect measuring height across the cell. Color bar indicates height 
in µm. E) Graph of difference in height along transect. The motif analysis for rop2 can be found 
in Supp. Figure 2. 
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Figure 2.8. Motif Operator Identifies both Cells and Lobes in rop2 mutants. A) Reflective 
intensity of rop2 epidermis with false color of a single cell. B) Motif operator identification of 
the cell using relaxed parameters. C) Motif operator identification of lobes within the cell using 
conservative parameters. D) Transect measuring height across the cell. Color bar indicates height 
in µm. E) Graph of difference in height along transect.  
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Figure 2.9. Confirmation of Cell Morphology rop2 Mutant Phenotpyes using OT. All analyses 
used a t-test with α =0.05; n = 12, error bars, s.e.m. A) The number of pavement cells do not 
change significantly. There was significant difference for B) lobe number, C) average lobe 
height, and D) the 3D surface area of the total measurement. 
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Figure 2.10. Measuring Stomatal Depth Across Species. A) 3D topography of Oreopanax 
highlighting stomatal depth. Dimensions are 319 x 319µm. Color bar indicates height in µm. B) 
Graph comparing stomatal depth (F = 545.53, p < 0.001) with stomatal two-dimensional area (F 
= 38.51, p < 0.001) for 19 different species. Stomatal depth is not correlated with stomatal area 
(R2 = 0.0004). Corresponding values for each species can be found in Table 2.2. 
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Figure 2.11. Quantification of Wax Deposition. A) Abaxial side of an Arabidopsis leaf 
demonstrating wax pooling variation across leaf surface. Contrast was altered to highlight waxy 
and non-waxy regions. Waxy regions are indicated by the arrow. B) Average reflectance is 50GL 
lower in leaf areas with less wax (n=6, p = 0.0008; error bars, s.e.m.). C) Wax distribution in a 
3D topography of Col-0 stem (Bar scale = 20µm, Color bar indicates height in µm). D) Wax 
distribution in a 3D topography of cer3 stem (Bar scale = 20µm, Color bar indicates height in 
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µm). E) Difference in total wax mass per surface area between Col-0 and cer3 plants (n=12, p = 
0.03; error bars, s.e.m.). F) Roughness measurements for three wax mutants in comparison to 
wild type (n =5, p = 0.0005, error bars, s.e.m.). 
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Figure 2.12. Non-destructive Measurements Allows for Sample Preservation. A) A 3D 
topography from Pinus strobus. B) Intensity measurements of an Arabidopsis ungerminated 
cotyledon imbibed in 50% glycerol for 3 days and dissected out of the seed. C-D) The adaxial 
and abaxial leaf surfaces of fossilized Quercus agrifolia, respectively. 
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Figure 2.13. Abaxial topographies of five herbarium specimen within the Acacia subfamily. 
Color bars indicate height in µm.  A) Mariososa centralis B) Mariososa mannifera C) Mariososa 
willardiana D) Senegalia berlandiara E) Senegalia visco. 
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Figure 2.14. Topography of A) bee pollen collectors on Bambus griseocolis hind leg at 50x, B) 
Silk of cultivated silk worm (Lepidoptera) at 50x, C) Lepidoptera wing at 50x, D) Caelifera first 
wing at 20x, E) Cucurbita pollen at 100x.  
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Figure 2.15. Three-dimensional plastic resin print of inverted epidermis of Quercus macrocarpa 
(Burr Oak), made from OT data set converted into stereolithography format (STL). Actual size 
of print is 12 cm x 12 cm x 2 cm. 
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Table 2.1. Lists values of isotropy, and most significant directions of the samples from figure 4. 
Time (min) Isotropy (%) First 
Direction (°) 
Second 
Direction (°) 
Third 
Direction (°) 
0 85.5 0.142 116 26.5 
10 77.4 116 90 135 
20 61.7 26.5 45 0.172 
30 48.9 26.5 45 18.5 
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Table 2.2. Table listing depth and area for each species with Tukey’s assigned values (α =0.05). 
Species Depth (µm) Tukeyd Area (µm2) TukeyA 
Adansonia digitata 4.155 B 1023.1 DEFG 
Asplenium nidus 3.943 B 1425.8 BCD 
Camptotheca acuminata 1.991 BCD 585.7 GH 
Carica papaya (SunUp) -5.359 FG 390.6 H 
Cyanotis somaliensis 3.037 B 1578.3 ABC 
Fouqerieria fasciculata -1.591 DEF 800.6 EFGH 
Hedychium gardnerium 2.653 B 1243.3 CDE 
Homalocadium platycladium -1.237 CDE 460.3 H 
Hoya curtisii 8.265 A 597.5 GH 
Mangifera indica 2.61 BC 479.4 H 
Manihot esculenta -8.903 G 706.1 FGH 
Mimosa pudica -5.401 FG 1141.7 CDEF 
Opuntia letocaulis -4.847 DEF 1728.7 AB 
Oreopanax sanderianus -54.09 J 1034.4 DEFG 
Schlumbergera bridgesii 5.767 AB 2007.7 A 
Stangeria eriopus 14.095 H 1730.8 AB 
Uncarina grandidieri 8.44 A 481.7 H 
Vasconcella pubescens 3.598 B 1552.4 ABC 
Welwitschia mirabilis -23.23 I 1880.4 AB 
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Table 2.3. Physiological features for characterizing Mariosousa and Senegalia herbarium 
specimen. 
Species Spines Trichomes Adaxial Cell Morphology Stomata 
Mariososa 
centralis No None Single lobed  Abaxial  
Mariososa 
mannifera No Both Small, circular Abaxial 
Mariososa 
willardiana No 
Very few on 
adaxial 
 Single lobed on adaxial 
Circular on abaxial 
Amphistomatous, 
sunken  
Senegalia 
berlandiara Yes 
Few on adaxial 
Many on abaxial
Single lobed  Abaxial 
Senegalia visco Yes Abaxial Small, circular Amphistomatous  
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ABSTRACT 
A plant's epidermis is its interface with the environment, providing a protective barrier against 
biotic or abiotic stresses and controlling the exchange of gas, water and nutrients. Epidermal cell 
patterning, cell features, and wax quantities change in response to environmental factors such as 
ρ[CO2], yet most genes underlying these phenotypes remain uncharacterized. Here we have 
mapped quantitative trait loci (QTL) controlling epidermal patterning under ambient and 
elevated ρ[CO2] in a population of 165 Arabidopsis Bay-0 x Sha recombinant inbred lines 
(RILs). We used optical topometry to measure eight epidermal patterning traits including 
stomatal density (SD), stomatal index (SI), pavement cell number, stomatal area, stomatal 
complexity, measurement surface area, mean measurement height, and wax quantity. The Bay-0 
and Sha parental accessions display contrasting responses under ambient and high ρ[CO2] for 
most traits indicating genotype by environment interactions. Epidermal traits have a wide 
distribution in the RILs relative to Bay-0 and Sha suggesting transgressive segregation. We 
identified 10 distinct QTL across all phenotypes, with several phenotypes having peaks at the 
same loci. Low marker density prevented candidate gene identification but several QTL cluster 
near well characterized stomatal development genes including SPEECHLESS, MUTE, FAMA, 
and SCRM. Future work incorporating genome wide association studies (GWAS) will help 
further narrow candidate genes controlling environmentally regulated epidermal patterning.  
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INTRODUCTION 
The plant epidermis serves as the interface between the organism's internal architecture 
and its external environment. The epidermis functions to regulate gas, water, and nutrient 
exchange and serves as a barrier to abiotic (e.g. heat, cold, drought) and biotic stresses (e.g. 
herbivory and pathogens). The leaf epidermis is composed primarily of pavement cells that 
provide mechanical support and produce a protective epicuticular wax layer (Javelle et al., 2011). 
Interspersed among the pavement cells are stomatal guard cell pairs that regulate gas exchange 
and trichomes that play various protective roles. The development of the epidermis is under 
environmental influence and this plasticity allows the plant to adapt dynamically to long-term 
environmental changes. For example, plants change the distribution of stomata and trichomes 
and levels of epicuticular wax under water deficit and changes in atmospheric CO2 
concentrations (Woodward et al., 2002; Lake and Woodward, 2008; Karowe and Grubb, 2011; 
Zhou et al., 2015).  
Each year, 40% of atmospheric CO2 (ρ[CO2]) passes through stomata (Ciais et al., 1997). 
Stomata consist of a pair of side-by-side guard cells whose deformations adjust the pore’s 
aperture in response to environmental cues, thus optimizing the uptake of CO2 and loss of water. 
When grown in elevated ρ[CO2], stomatal number is reduced in many plant species allowing for 
lower evapotranspiration while maintaining carbon uptake (Muchow and Sinclair, 1989). 
Because stomata play such a central role in informing plants about the external environment as 
well as maintaining both water balance and photosynthetic productivity, understanding their 
developmental responses to climate change will be valuable for managing future crop plant 
performance.  
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Stomatal patterning varies among genotypes within a species, making it amenable to 
analysis by methods of quantitative genetics. Natural variation in stomatal response to ρ[CO2] 
within Arabidopsis represents a potentially rich resource for exploring the mechanisms 
underlying stomatal developmental plasticity, and has already successfully identified loci related 
to ρ[CO2] regulation of flower number (Ward et al., 2012). Only stomatal density (SD), and not 
stomatal index (SI) has been scored across accessions of Arabidopsis in response to ρ[CO2] 
(Woodward et al., 2002). Because SD is the number of stomata per unit area, this parameter is 
strongly influenced by the size of surrounding pavement cells and does not necessarily reflect 
changes in cell fate decisions. In addition to stomatal patterning, plants increase carbon 
allocation to epicuticular wax under elevated ρ[CO2] (Zhou et al., 2015). To date, QTL related to 
ρ[CO2] for stomatal index and density have been identified in Poplar, but no such study has been 
carried out in the universal model herbaceous species, Arabidopsis thaliana (Ferris et al., 2002). 
Here we take a quantitative genetics approach to identify genes controlling epidermal 
patterning in response to ambient and high CO2. We surveyed eight epidermal traits using optical 
topometry (OT), a confocal microscopy-based platform that facilitates high-throughput, 
nanometer-scale surveys of the plant epidermis (Haus et al., 2015). Our approach also exploited 
OT to capture previously unreported quantitative aspects of the plant epidermis that may be 
biologically meaningful. In order to identify quantitative trait loci (QTL) controlling epidermal 
patterning, we used a previously constructed recombinant inbred (RI) population of two parents 
that we had surveyed for having contrasting responses to ρ[CO2]. The Bay-0 x Shahdara RI 
population consists of 420 lines genotyped for 69 microsatellite markers with an average of 
6.1cM separation (Loudet et al., 2002). Within these 420 lines, a cores set of 165 lines were 
considered the most genetically diverse and suitable for capturing the majority of the population 
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diversity when use of the full set is impractical. This particular RI population is an excellent 
resource for traditional QTL mapping and has contributed to the understanding of the 
quantitative genetics of at least twenty-seven traits in many published studies (Lau et al., 2007; 
Loudet et al., 2007; Laserna et al., 2008; Meng et al., 2008). 
 
METHODS 
Plant Maintenance 
The 165 RIL core set from the Bay-0 x Sha RI population was used in this study (Loudet 
et al., 2002). Seeds were imbibed and stratified for three to five days to break dormancy and 
promote uniform germination. Seeds were then sown onto a 3:1 (vol:vol) mixture of Sunshine 
LC1™:Vermiculite, pre-wetted with a 1.2g/L Gnatrol™/water solution to control fungus gnat 
(Bradysia coprophila) infestation. Plants were watered with approximately 1L of the GnatrolTM 
water solution on a weekly basis. Plants were grown in EGC GC series growth chambers under 
16h days under 108µmol m-2 s-1 at 18°C and 75-90% RH. Light quantity, relative humidity, and 
temperature were all monitored with an Onset ® HOBO data logger (Model U12-012). Plants 
were grown in either 400ppm or 1500ppm ρ[CO2]. Carbon dioxide concentrations were 
monitored and regulated by PP SystemsTM WMA-4 CO2 analyzer.  
 
Experimental Design 
Two subsamples from six replicates of each RIL were grown for each accession in 
400ppm and 1500ppm ρ[CO2]. Two chambers were used for multiple runs since each growth 
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chamber can only hold 216 plants in a single run (six 9x4 Compak™ trays). Plant positions 
within the chamber were randomly generated using RANUNI in SAS. Each plant tray was 
considered a block effect nested within a chamber block and accessions were randomized across 
blocks in an unbalanced incomplete block design with trays swapped twice per week within and 
across chambers to reduce chamber effect. Two weeks after planting, each pot was thinned to 
one plant.  
Once the inflorescence had bolted, epidermal measurements were collected from each 
side of the central vein for the medial portion of leaf six using the NanoFocus ® µsurf optical 
topometer at 50x magnification with a 0.8 numerical aperture. Stomata and pavement cells were 
manually counted using reflective intensity returned by the instrument's included software. 
Stomatal density was reported per mm2, and pavement cells were reported as raw numbers. 
Because changes within SD can be attributed to either physiological (i.e. larger pavement cells 
between stomata) or developmental (i.e. more stomata per total cells) changes, it was important 
to measure stomatal index (SI) as well, since SI represents the proportion of stomata per total cell 
number. SI is a better metric than SD for surveying developmental changes within the stomatal 
pathway as the plant matures. SI was calculated as: 
ܵܫ ൌ 	 ሺܰݑܾ݉݁ݎ	݋݂	ܵݐ݋݉ܽݐܽሻሺܶ݋ݐ݈ܽ	ܥ݈݈݁	ܰݑܾ݉݁ݎሻ 	ݔ	100% 
SI and SD were measured using optical topometry (OT), a confocal microscopy-based 
platform that facilitates high-throughput, nanometer-scale surveys of the plant epidermis (Haus 
et al., 2015).  
The unique capabilities of OT allowed us to capture additional metrics of the epidermis 
including previously unreported features which may be biologically meaningful. Stomatal area 
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and complexity were calculated for up to five stomata on each measurement using the 
“Measurement of a Wrinkle” operator in the NanoFocus ® µsoft Analysis Premium software. 
Stomatal complexity was calculated as:  
ܥ݋݉݌݈݁ݔ݅ݐݕ ൌ 	 ሺܦ݁ݒ݈݁݋݌݁݀	ܣݎ݁ܽ െ ܪ݋ݎ݅ݖ݋݊ݐ݈ܽ	ܣݎ݁ܽሻܪ݋ݎ݅ݖ݋݊ݐ݈ܽ	ܣݎ݁ܽ ൈ 100% 
Stomatal complexity can be defined as the percentage of the three-dimensional area not 
accounted for by the horizontal area. In biological terms, it describes the morphological height 
characteristics of the guard cells.  
OT allowed us to measure three-dimensional surface area of the field of view (SDA), 
mean height across the epidermal surface (Ht), and an estimation of the wax distribution across 
the epidermal surface using reflective intensity as a proxy (Haus et al., 2015). The software's 
“Parameters Table” was used to calculate the developed (3D) area and average absolute height of 
the surface topography as well as the wax estimation of the surface reflective intensity (Haus et 
al., 2015). 
 
Statistical Analysis and QTL Mapping 
In order to determine the response of epidermal characteristics to different ρ[CO2] across 
the RILs, we ran an ANOVA in SAS PROC MIXED. Based on the aforementioned experimental 
design, the experimental model was: 
௜ܻ௝௞௟௠ ൌ 	μ ൅	ܴ௜ ൅ ܣ௝ ൅ ܴܣ௜௝ ൅	ܥ௞ ൅ ܨ௟ሺ௞ሻ ൅	݁ሺ௜௝௞௟ሻ௠ 
where Yijklm represents the phenotypic mean of a genotype, Ri is the effect of the ith recombinant 
62 
 
inbred line, Aj is the effect of the jth atmospheric carbon dioxide concentration, RAij is the 
interaction of the ith line and jth atmospheric carbon dioxide concentration, Ck is the block effect 
in the kth chamber, Fl(k) is the effect of the lth flat within the kth chamber, and eijklm represents the 
residual error. All effects were considered random.  
We initially screened nine Arabidopsis accessions that represented parents of RI 
populations in wide usage at the time. All accessions were grown under ambient ρ[CO2] (390 
ppm) and high ρ[CO2] (1500 ppm) in order to identify parental pairs with contrasting responses 
in stomatal density. The accessions Bayreuth (Bay-0) and Shahdara (Sha) showed opposing 
responses in SD under differing ρ[CO2] (data not shown), leading us to choose the Bay-0 x Sha 
RI population for mapping QTL related to environmentally dependent epidermal patterning. 
QTL were mapped using the R/qtl package using 1cM steps and Haldane’s mapping function. 
LOD score thresholds were determined for each trait at a p-value of 0.05 after 1000 
permutations, but the final output included all putative QTL above LOD = 3.0 for one-
dimensional scans and above LOD = 6.0 for two-dimensional, two-QTL scans (Broman et al., 
2003). Each of the eight traits was analyzed for mean scores in 400ppm ρ[CO2] and mean scores 
in 1500ppm. Two-dimensional genome scans often have difficulty identifying significant 
interactions between QTL when the population is small. The 167 lines used in this study (165 
RILs plus parents) are comparable to populations used effectively in previously published 
analyses of plant QTLs (Hausmann et al., 2005; Juenger et al., 2005).  
 
RESULTS 
Distribution of ρ[CO2] regulated epidermal patterning traits 
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We measured eight epidermal patterning traits under ambient and elevated ρ[CO2] 
including SD, SI, pavement cell number, stomatal area, stomatal complexity, measurement 
surface area, mean measurement height, and wax quantity. The Bay-0 and Sha accessions have 
differing responses for some of these survey traits (Figure 3.1), suggesting that the Bay-0 x Sha 
RI population is suitable for identifying QTL related to environmentally regulated epidermal 
patterning. SD and pavement cell number show an inverse response between the two parental 
lines, indicating a strong genotype by environment interaction (Figure 3.1A and B). This is not 
the case however for all of the surveyed phenotypes. Stomatal complexity increases with ρ[CO2] 
in Sha, but Bay-0 is unaffected indicating a potential genotype by environment interaction 
(Figure 3.1E). Both Bay-0 and Sha respond similarly to ρ[CO2] for stomatal area, SDA, Ht, and 
estimation of wax (Figure 3.1D, F, G and H). SI is the only phenotype that indicates a significant 
environmental, but not a genetic effect for the two parental lines (Figure 3.1C).  
We measured the eight epidermal patterning traits for each of the Bay-0 x Sha RILs and 
plotted the distribution of the 165 RIL and two parental means (Figure 3.2, Table 3.1). Each 
epidermal trait was measured under ambient ρ[CO2] and elevated ρ[CO2]. Figure 3.2 shows the 
distribution of the mean for each RIL within the population, specifically indicating the location 
of the parents (B and S). All measured traits display both positive and negative transgressive 
segregation. The distribution of SD, pavement cell number, and estimated epicuticular wax is 
wider in elevated ρ[CO2] and the mode of their ratios is greater than one (Figure 3.2A, B, and H). 
Given that the parental lines Bay-0 and Sha are similar for some of the measured phenotypes, but 
the distribution of RIL phenotypes exceeds that of the parents in both directions, there appears to 
be strong transgressive segregation for these traits (Figure 3.2C, D, and F-H).  
64 
 
An ANOVA for each phenotype of the population indicates that RIL was significant for 
all traits (Table 3.1, p≤0.0006), but ρ[CO2] was only significant for SD, SI, and SDA (Table 3.1, 
p≤0.05). There was also a highly significant interaction between RIL and ρ[CO2] for all 
phenotypes (p≤0.03), indicating that RILs responded differently to elevated [CO2]. Heritability 
across the traits varies between 0.02 and 0.55. The OT-specific traits had the lowest heritability, 
although stomatal area and wax were 0.25 and 0.32, respectively. SD, SI, and pavement numbers 
ranged between 0.50-0.55 for heritability.  
 
QTL Mapping of ρ[CO2] regulated epidermal traits 
Because we are interested in finding loci that specifically regulate an environmental 
response to ρ[CO2], each phenotype was analyzed for mean scores in 400ppm ρ[CO2] (darker 
colored bar) and mean scores in 1500ppm (lighter colored bar, Figure 3.3). The QTL that are of 
greatest interest are related to the phenotypic response to elevated ρ[CO2]. These include QTL 
with chromosomal loci that appear in the elevated measurements, but not in ambient 
measurements. QTL peaks found only in the ambient data are involved in epidermal 
development, but are not necessarily involved in the environmental response in elevated ρ[CO2]. 
A combined total of 10 distinct QTL were identified across all the phenotypes, with 
several phenotypes having peaks at the same loci (Figure 3.3). Table 3.2 highlights the top LOD 
score (>3.0) and the nearest marker for each trait. At least one marker was identified for each 
trait except for SI. Ht had the fewest, with only one putative locus on chromosome 1 near marker 
NGA248 (Figure 3.3G, Table 3.2). SDA had the most LOD peaks, with six distinct peaks. Five 
phenotypes, SD, PN, stomatal area, complexity, SDA, and wax all have a peak near the start of 
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chromosome 3. Pavement cell number and SD both have a LOD peak in elevated ρ[CO2] that is 
not present in ambient conditions on chromosome 5 at 50 cM near marker MSAT5.59. SDA has 
a LOD peak in elevated ρ[CO2] that is not present in ambient conditions on the end of 
chromosome 3 at position 72 near marker MSAT3.70.  
Two-dimensional genome scans are useful for identifying linked loci governing complex 
traits (Broman et al., 2003). Figure 3.4 shows the interactive effects of loci such that the lower 
quadrant plots the full LOD score (LODf) of the QTL and the upper quadrant plots the 
interaction of the LOD score (LODi). A list of the most significant interactions of locus pairs is 
shown in Table 3.3. The first 49 cM (16Mb), or nearly half of chromosome 1 has a significant 
LOD score for SDA, which corresponds with a high LODi score, suggesting an interactive effect 
between those loci. 
 
Analyses of Automated Pavement Counts 
The initial goal of using a high-throughput phenotyping method for studying the 
epidermis was to identify a fast, accurate method for calculating pavement cell number. 
Automation of pavement cell number counts was discussed previously (Haus et al., 2015), but 
here we test if this automation is accurate and applicable to a large scale study of the natural 
variation in Arabidopsis RI populations. Using forty samples from cotyledons (as described in 
Chapter 3), we compared five methods for gathering automated counts to manual counts 
(Pavement). The methods used include a 25nm Gaussian filter on the raw topography 
(RawGFNo), a 25nm Gaussian filter on a cell topography (12FRGFNo), no Gaussian filter on a 
cell topography (12FRNFNo), the average between the two cell topographies (Avg12FR), and 
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the average among all three methods (AvgAll). Automated counts of pavement cells were 
compared to manual counts, and SI resulting from the automated pavement counts was also 
calculated. Of the five methods, only 12FRNFNo had a variance similar to the manual counts 
(p=0.4, Figure 3.5, Table 3.4).  
This method was then compared to manual counts for the full experimental design. The 
distributions of the difference between pavement cells and SI using the 12FRNFNo method and 
manual method are shown in Figures 3.6 and 3.7, respectively. The automated counting method 
tends to overestimate the number of pavement cells by 5-15 cells, this also causes SI to be 
underestimated by 3-12%. While ρ[CO2] was not a significant effect for differences between the 
two methods in either metric, RIL did contribute a significant effect for both metrics (Tables 3.5 
and 3.6). Thus, changes that occur within a measurement are likely to disrupt accurate counts of 
pavement cell number across RIL and are not likely to provide informative results. QTL analyses 
for automated pavement counts (12FRNFNo) and resulting automated SI resulted in a loss of all 
significant QTL for pavement cell number and identification of two peaks for SI (Figure 3.3).  
 
Candidate Gene Identification 
The Bay-0 x Shah RI population consists of a core set of 165 lines, genotyped for 69 
microsatellite markers with an average of 6.1cM separation (Loudet et al., 2002). The markers 
are distributed relatively evenly throughout the genome with a mean 6.1cM separation, giving a 
resolution of approximately 300 potential genes per marker. Such a high gene number per maker 
makes it difficult to narrow the field of candidate genes for the 10 QTL we identified. While 
generating a 'short list' of candidate genes is problematic, relevant genes of demonstrated 
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function can be found near markers associated with the putative QTL found. For example, SD 
has a putative QTL at marker MSAT5.12, which is the closest marker (approximately 100kb 
away from) to SPEECHLESS (SPCH), a bHLH transcription factor required for a meristemoid 
mother cell to initiate stomatal lineages (Pillitteri et al., 2007). Moreover, the peaks on 
chromosome 3 corresponds to a “hot spot” of stomatal genes, including MUTE, FAMA, and 
SCREAM (SCRM), all which are bHLH transcription factors that play a positive regulatory roles 
in stomatal development, similar to to SPCH (Pillitteri et al., 2007; Kanaoka et al., 2008).  
 
DISCUSSION 
Development of the plant epidermis is environmentally regulated and this plasticity 
allows for fine-tuned responses to the diverse environmental stimuli experienced by an emerging 
leaf primordium. Here we have taken a quantitative genetics approach to identifying candidate 
genes that control epidermal patterning in response to elevated ρ[CO2]. Through screening 165 
Bay-0 x Shah RILs, we identified 10 distinct QTL across eight epidermal phenotypes. QTL are 
distributed non-randomly across the genome and the marker MSAT3057 on chromosome 3 
frequently appears in the list of LOD scores across all traits measured. This may also be due to a 
low recombination frequency at this location on the chromosome. Two RI populations, both with 
Sha as a parental line, show low recombination frequency in this region and Sha is suspected of 
having a large-scale inversion (Loudet et al., 2002).  
There are several incidences of QTL in elevated ρ[CO2] conditions that are not present in 
ambient ρ[CO2] conditions. This is especially true in both stomatal 3D area and complexity as 
there are QTL specific to elevated ρ[CO2] on chromosome 1 (near MSAT 1081, NGA248, and 
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IND1136), chromosome 3 (near MSAT3.32) and chromosome 4 (between NGA8 and 
MSAT4.35). Stomatal complexity also has QTL specific to ρ[CO2] on chromosome 1 and 4. 
These loci are of particular interest for future study. 
One of the goals for this study was to determine if measurements capturing the 
morphological features of stomata, such as developed (3D) area and complexity have a genetic 
basis with measurably heritable variation within the Bay-0 x Sha RI population. An ANOVA 
revealed that the OT-specific traits: complexity, SDA, and Ht, had significant statistical variance 
across RILs, suggesting that they are biologically meaningful. It is interesting to note that these 
three phenotypes all share a putative QTL on chromosome one near markers IN-1136 and 
NGA248 (32-40cM). Because each of these phenotypes is related to 3D surface area and height 
changes within the measurement field of view, it is possible that a protein mediating overall 
architecture is encoded in the vicinity of these markers.  
We identified chromosomal regions underlying epidermal patterning responses to 
ρ[CO2], but fine mapping would be necessary to narrow the search for candidate genes. Adding 
more markers or screening the full set of 403 Bay-0 x Shah RILs would likely narrow the QTL 
peaks. Importantly, candidate gene identification is always limited by the genotypic, and thus 
phenotypic, variation represented and displayed by the two parents; thus, it is not possible to 
capture the full range of variation within phenotypes using a population whose genetic structure 
derives from merely two parental genotypes. Although Bay-0 and Shah are phenotypically and 
genetically diverse, they represent a small portion of the extant diversity within the species 
Arabidopsis thaliana. Arabidopsis is geographically widely distributed providing a rich source of 
candidate loci underlying environmentally regulated epidermal patterning.  
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In addition, our results show that automated pavement cell counts in Arabidopsis are not 
currently a viable method for analysis of subtle changes within a population. The software 
provided with the OT instrument used in this study does not accurately measure pavement cell 
numbers and this limitation if likely due to the configuration of the motif analysis operator. The 
operator requires that the user set a percentage of the total height to act as a cutoff for 
identification of unique motifs. Because the percentage stays the same, but the heights are 
variable according to each measurement based on several factors, the actual cutoff for defining a 
motif changes for each measurement. This software configuration may be a key contributor to 
inaccurate automated pavement cell counts. 
In order to overcome the limitations of mapping in RI populations, we are also applying a 
Genome Wide Association (GWA) study to the analyses above. GWAS allows analyses of 
substantially greater genetic diversity than just the two accessions, Bay-0 and Sha, and has a 
finer genomic resolution. In conjunction with the 1001 Genomes project, researchers at the Max 
Plank Institute have provided the research community with detailed genomic and ecological 
information for 80 diverse Arabidopsis accessions. These natural accessions have been re-
sequenced and the information is publically available, including 216K SNPs tagged for a GWAS 
study (Cao et al., 2011). We have collected samples using an experimental design similar to the 
QTL analysis and are currently analyzing the collected data. When combined with this QTL 
analysis, we hope to identify candidates genes underlying developmental responses to elevated 
ρ[CO2].  
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FIGURES AND TABLES 
 
Figure 3.1. Distribution of epidermal patterning traits in the parental Bay and Sha lines. Traits 
were measured at 400 ppm ρ[CO2] and 1500 ppm ρ[CO2] for the following traits. A) stomatal 
density (SD), B) pavement cell number (PN), C) stomatal index (SI), D) developed area of the 
stomata, E) stomatal complexity, F) 3D surface area, G) absolute difference in height, and H) 
surface wax estimation.  
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Figure 3.2 
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Figure 3.2. Distribution of epidermal patterning traits in the 165 RILs and parental accessions. 
Distributions in ambient ρ[CO2] and elevated ρ[CO2]. Bay, and Sha are plotted for each of the 
eight epidermal traits and the location of Bay and Sha within the histogram is denoted (by B or 
S). The traits are as follows. (A) stomatal density (SD), (B) pavement cell number, (C) stomatal 
index (SI), (D) developed area of the stomata, (E) stomatal complexity, (F) 3D surface area, (G) 
absolute difference in height, and (H) surface wax estimation.  
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Figure 3.3. LOD score peaks for QTL mapping of epidermal patterning traits in response to 
elevated ρ[CO2]. Each phenotype was measured under ambient conditions (darker colored boxes) 
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and elevated ρ[CO2] (lighter colored box. The traits are mapped as follows. stomatal density 
(SD, green), pavement cell number (PAV, blue), developed area of the stomata (Area, red), 
stomatal complexity (Comp, gray), 3D surface area (SDA, yellow), absolute difference in height 
(Ht, purple), and surface wax estimation (Wax, orange). Diagonal lines indicate overlap between 
peaks in both elevated in ambient ρ[CO2]. No peaks were found for SI, except in the case of 
automated counting (SI, horizontal blue stripes). 
  
77 
 
 
Figure 3.4 
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Figure 3.4. Two-dimensional genome scans to identify linked loci related to complex traits. The 
lower right triangle of each plot shows the full lod score (LODf), the upper left triangle is the 
interaction LOD score (LODi). Note that each scale for the two dimensional scan output does 
differs so that a red mark may indicate a significant locus on one graph, but not on another. 
Genome scans are plotted for ambient ρ[CO2], elevated ρ[CO2], the difference between elevated 
and ambient, and the ratio of elevated to ambient (from left to right). The traits are plotted as 
follows. (A) stomatal density (SD), (B) pavement cell number, (C) stomatal index (SI), (D) 
developed area of the stomata, (E) stomatal complexity, (F) 3D surface area, (G) mean difference 
in height, and (H) surface wax estimation. 
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Figure 3.5. Box plot distribution of the five methods of automated counting methods compared 
to manual counts (Pavement). The methods used include a 25nm Gaussian filter on the raw 
topography (RawGFNo), a 25nm Gaussian filter on a cell topography (12FRGFNo), no Gaussian 
filter on a cell topography (12FRNFNo), the average between the two cell topographies 
(Avg12FR), and the average between all three methods (AvgAll). 
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Figure 3.6. Distribution of the difference between manual pavement cell numbers. Automated 
counting appears to overestimate the number of pavement cells present. 
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Figure 3.7. Distribution of the difference between SI calculated from manually counted 
pavement cell and automated counts. Automated counting appears to underestimate SI. 
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Table 3.1. Means and Variances for Parental Lines and RILs Across the Eight Traits. Variances 
significance is denoted as as ≤0.05 (*), ≤0.005 (**), or ≤0.0001 (***). The letter k denotes value 
in thousands. Broad sense heritabilities (H2) for each genotype were calculated in R using the 
lme4 package as the RIL variance component divided by the total variance.  
  Means 
Effect N SD Pav SI Area Comp SDA Ht Wax 
Bay 10 134.8 32.3 30.6 282.0 13.0 127k 108.4 39.8 
Sha 10 161.1 36.6 31.5 298.3 23.2 130k 107.2 40.1 
RIL 165 144.6 32.1 31.5 300.3 20.4 133k 108.1 41.5 
  Variance 
σ2RIL  217.7*** 9.66*** 1.63*** 576*** 7.53*** 138k*** 0.35** 5.12***
σ2CO2  241.3* 1.64 1.48* 0 0.03 187k* 26.9 24.4 
σ2RILxCO2  161.4*** 8*** 0.48* 1572*** 8.98*** 932k** 7.48** 6.97***
σ2error  1274.9 55.23 11.0 9700 311 992k 166.3 76.6 
H2  0.51 0.50 0.55 0.25 0.17 0.09 0.02 0.32 
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Table 3.2. Summary of Single-QTL Analysis: Markers and Highest LOD Scores for each trait.  
Trait Measurement No. of Markers 
Highest 
Marker 
Chr, Pos 
(cM) 
LOD 
Score 
SD 
Ambient 4 MSAT3057 3, 9 6.86 
Elevated 2 MSAT5.12 5, 71 3.89 
Pav 
Ambient 3 MSAT3057 3, 9 6.92 
Elevated 1 MSAT5.59 5, 50 3.79 
StlArea 
Ambient 2 ATHCHIB2 3, 5 5.34 
Elevated 4 MSAT3.32 3, 39 9.22 
Comp 
Ambient - - - - 
Elevated 2 IN-1136 1, 40 4.35 
SDA 
Ambient 3 MSAT4.35 4, 26 9.271 
Elevated 5 MSAT3057 3, 9 17.75 
Ht 
Ambient - - - - 
Elevated 1 NGA248 1, 32 3.38 
Wax 
Ambient 1 MSAT3057 3, 9 6.4 
Elevated - - - - 
* SI is not shown because not loci passed a threshold of 3.0. 
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Table 3.3. Summary list of Two-QTL Analysis: Markers and Highest LOD Scores for each trait.  
Trait Measurement 
Full 
LOD 
Score 
First Locus: 
Second Locus 
Additive 
LOD Score 
First 
Position: 
Second 
Position
SD 
Ambient 11.1 1,59 : 3,10 9.08 1,59 : 3,9 
Elevated 10.13 2,13 : 5,48  6.84 2,44 : 5,71 
Pav 
Ambient 12.83 3,4 : 3,8 9.53 3,5 : 3,9 
Elevated 8.82 2,13 : 5,49 5.68 2,45 : 2, 50 
StlArea 
Ambient 10.62 3,5 : 5,17 6.47 3,5 : 5,62 
Elevated 18.7 1,69 : 2,37 4.45 1,67 : 2,1 
Comp 
Ambient 7.01 4,11 : 5,47 4.13 4,26 : 5,54 
Elevated 10.62 1,40 : 3,69 5.96 1,40 : 3,72 
SDA 
Ambient 15.01 3,25 : 4,32 13.95 3,6 : 4:26 
Elevated 31.8 1,40 : 4,22 22.2 1,38 : 4:24 
SAH 
Ambient 7.77 1,47 : 5:7 4.22 1,21 : 5,8 
Elevated 8.11 1,31 : 1,56 5.76 1,32 : 1,55 
Wax 
Ambient 11.21 1,80 : 3,10 8.7 1,44 : 3,9 
Elevated 6.82 1,62 : 3,12 4.41 1,61 : 3,9 
* No markers above threshold (6.0) for SI. 
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Table 3.4. Difference of each automated counting method and manual counts.  
Method Difference SE DF t Value Pr > |t| 
RawGFNo 14.7031 2.1638 353 -6.8 <.0001 
12FRGFNo 8.4687 2.1638 353 3.91 0.0001 
12FRNFNo 1.8125 2.1638 353 0.84 0.4028 
Avg12FR 5.1406 2.1638 353 2.38 0.018 
AvgAll 8.3281 2.1638 353 3.85 0.0001 
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Table 3.5. Standard ANOVA type 3 test of fixed effects for the difference of automated counting 
method (12FRNFNo) and manual counts for pavement cells.  
Effect Num DF Den DF F Value Pr > F
CO2 1 5.26 0.13 0.7371
RIL 165 2223 2.70 <.0001
CO2*RIL 165 2223 1.42 0.0005
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Table 3.6. Standard ANOVA type 3 test of fixed effects for the difference of automated counting 
method (12FRNFNo) and manual counts for calculation of SI. 
Effect Num DF Den DF F Value Pr > F
CO2 1 6.07 0.03 0.8591
RIL 165 2224 2.26 <.0001
CO2*RIL 165 2224 1.16 0.0918
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ABSTRACT 
Stomatal development in higher plants is environmentally regulated. The focus of this study is 
the dependence of stomatal patterning on partial pressure of atmospheric carbon dioxide. The 
regulation by p[CO2] reportedly involves mature tissues conveying developmental cues to 
immature tissue, but the underlying mechanisms of p[CO2] perception and signal transduction 
are unknown. We constructed a dual-chamber growth system in which rosette and cauline leaves 
of Arabidopsis thaliana were subjected to differing p[CO2], in order to observe and characterize 
changes in stomatal patterning resulting from signals moving from mature to younger, 
developing leaves. The epidermis of all leaves was scored for stomatal index (SI), proportion of 
satellite stomata (SatI), and epicuticular wax thickness. Young rosette tissue was found to adjust 
SI in response to both the current and previous environment, whereas stomatal patterning in 
cauline leaves appears to be insensitive to any regime of p[CO2] treatment. Leaf epicuticular wax 
across the entire plant is dependent upon the p[CO2] experienced by young tissue. We also 
examined stomatal patterning in cotyledons between generations of seeds set in similar or 
different p[CO2] than that in which they germinate. In cotyledon tissue, SI increases under 
elevated p[CO2], regardless of treatment timing. SatI increases when seeds mature in ambient 
p[CO2] and cotyledons are germinated in elevated p[CO2], but this does not alter the average 
distance between stomata across the leaf. Adjustments to the stomatal developmental pathway 
must not occur until after germination, however, because stomatal lineage precursor cells are not 
affected in ungerminated cotyledons. These data suggest that p[CO2] affects regulation of the 
stomatal development pathway specifically through the development of satellite stomata, and 
that cauline leaves and cotyledons deploy mechanisms for controlling stomatal development that 
are related to but distinct from that operating in rosette leaves.  
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INTRODUCTION 
Stomata are microscopic pores on the plant epidermis whose controlled opening and closing 
regulates the plant’s carbon dioxide uptake and transpirational water loss. Each pore is defined 
by two adjacent so-called guard cells whose deformations adjust the pore aperture in response to 
environmental cues, maximizing water use efficiency. In addition to regulating pore aperture in 
mature leaves, environmental conditions during the early stages of leaf development affect the 
density and distribution of stomata over each leaf’s surface. Both stomatal density (SD, number 
of stomata per mm2) and stomatal index (SI, proportion of stomatal per total epidermal cell 
number) are sensitive to the plant’s perception of humidity, light quality and quantity, and 
p[CO2] (Lake and Woodward, 2008; Casson et al., 2009; Kang et al., 2009; Pillitteri and Torii, 
2012). The inverse correlation between SI and p[CO2] is sufficiently strong that SI in fossilized 
or dried leaves has become a proxy for paleoclimates’ p[CO2] (McElwain et al., 1999; Beerling 
and Royer, 2002; Steinthorsdottir et al., 2011). 
Established pathways by which stomatal patterning is achieved during leaf development in 
Arabidopsis provide a template onto which the steps sensitive to environmental factors may be 
mapped. Stomata development occurs through a core pathway that begins with so-called 
meristemoid mother cells differentiating into triangular meristemoids. These then differentiate 
into guard mother cells (GMCs) that finally divide symmetrically to generate the two guard cells 
that define a stomatal pore.  
Stomatal patterning in Arabidopsis adheres to a one cell spacing rule whereby guard cells of two 
stomata are never in contact with one another. All stomata are thus surrounded by pavement cells 
that collaborate in the osmotic reactions that deform guard cells and adjust stomatal pore 
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apertures. Meristemoids can undergo one to three asymmetric divisions to produce stomatal 
lineage ground cells (SLGCs), leaving a signature spiral pattern of three adjacent pavement cells 
of successively smaller sizes (Delgado et al., 2011). The one cell spacing rule is also enforced 
when a satellite stomate is produced on the opposite side of an SLGC from a previously formed 
stomate (Figure 4.1). As in amplification divisions, this division pattern is readily identified 
where two stomata are separated by a single, unlobed pavement cell. 
The core pathway of stomatal development has been intensively studied using the tools of 
Arabidopsis genetics. Thirty-five genes active in the pathway have been identified (Pillitteri and 
Torii, 2012; Pillitteri and Dong, 2013; Engineer et al., 2014). In addition, and especially pertinent 
to this study, genes regulating stomatal patterning’s sensitivity to environmental conditions have 
begun to emerge. To date, EPIDERMAL PATTERNING FACTOR2 (EPF2), CO2 RESPONSE 
SECRETED PROTEIN (CRSP), and CARBONIC ANHYDRASE1 and 4 (CA1, CA4) have 
been shown to play roles in p[CO2] regulation of stomatal development (Hu et al., 2010; 
Doheny-Adams et al., 2012; Engineer et al., 2014). 
CRSP is a member of the subtilisin-like family of secretory proteases that cleave transmembrane 
proteins (Engineer et al., 2014). EPF2 is an extracellular protein that inhibits stomatal 
development and binds CRSP in vitro. When grown in elevated p[CO2], plants with a loss-of-
function mutations in either EPF2 or CRSP display a higher (rather than typically reported 
lower) SI than do plants grown in ambient p[CO2]. Carbonic anhydrases catalyze the conversion 
of water and CO2 into bicarbonate. Yet genes encoding these enzymes, CA1 and CA4, play 
unknown roles in stomatal development. When both CA1 and CA4 are inactivated, SI increases 
under elevated p[CO2], (Engineer et al., 2014) . CRSP mRNA levels decrease in elevated 
p[CO2], but both CRSP and EPF2 display increased mRNA expression pattern under elevated 
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CO2 concentration in ca1ca4 double mutants. While significant strides have been made toward 
defining the pathways by which p[CO2] affects stomatal development, the precise changes it 
mediates in stomatal patterning remain incompletely described. One aim of this study was to 
better characterize stomatal development pathways under different p[CO2] regimes. 
Enzymes mediating steps in epicuticular wax synthesis have also been implicated in modifying 
stomatal development, but mechanistic links between wax synthesis and deposition and stomatal 
development remain to be forged (Bird and Gray, 2003). Loss of function mutations in some 
members of the ECERIFERUM gene family (e.g., CER1 and CER2) result in an increase in SI, 
while loss-of-function mutants in WAX2 display a decrease in SI (Gray et al., 2000; Chen et al., 
2003). Overexpression of cuticular wax synthases (WIN1/SHN1) has been shown to inhibit 
stomatal development under drought conditions (Yang et al., 2011). Epicuticular wax 
accumulation has been reported to be sensitive to p[CO2] (Zhou et al., 2015). 
The first gene identified to connect p[CO2] to stomatal development was HIGH CARBON 
DIOXIDE (HIC), a putative 3-keto acyl coenzyme A synthase that is expressed in guard cells 
(Gray et al., 2000). hic mutant plants display an increase in SI in response to elevated p[CO2], 
but seeds of this mutant are no longer available and the mechanism of hic’s role in the plants’ SI 
phenotype has never been elucidated. Understanding the role of epicuticular wax in stomatal 
development remains one of the keys to mapping out the interplay among p[CO2], stomata and 
climate change. 
Long distance communication networks in plants have evolved to relay information about the 
environment from mature organs to developing tissue nearer to meristems. This quintessentially 
botanical developmental strategy allows newly developed organs to “adapt on the fly”, by 
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altering development for optimal growth under changing environmental conditions of light 
quality and quantity, water, nutrients and p[CO2] (Lough and Lucas, 2006). A variety of 
macromolecules, including mRNAs, small RNAs and small proteins, plus diverse small 
metabolites, mediate this phloem-borne long distance signaling. The plasticity of stomatal 
development in response to light and p[CO2] is a likely candidate for exactly this type of long-
distance signaling. And indeed, mature rosette leaves have been shown to influence, presumably 
via mobile molecular cues, development of emerging leaves based on light intensity and p[CO2] 
experienced by the former (Lake et al., 2001). In addition, stomatal conductance of older leaves 
is strongly correlated with SI younger leaves in poplar (Populus trichocarpa × P. deltoids) 
(Miyazawa et al., 2006).  
In this study, we explore signaling that mediates environmental influence on stomatal 
development by asking whether the phenomenon extends across generations, from mother plant 
to seed. In addition, we examine the role of long-distance signaling in controlling epicuticular 
wax levels that, as alluded to above, is physiologically at least correlated, if not mechanistically 
integrated, with stomatal development. We constructed a dual-chamber plant growth system that 
allowed us to subject rosette and cauline leaves to different p[CO2]. Using this system, we sought 
to characterize the effects on stomatal patterning and cuticular wax accumulation of differential 
gaseous environments experienced by rosette and cauline leaves of Arabidopsis. 
 
METHODS 
Dual-Environment Chambers 
Dual chamber bench-top growth systems were constructed to subject apical and basal portions of 
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Arabidopsis thaliana plants to distinct gaseous environments. The lower chamber contained the 
mature rosette and the upper, young leaves and cauline leaves of the inflorescence (Figure 4.2A). 
Arabidopsis accession Col-0 seeds were imbibed and stratified for three days to synchronize 
germination before planting. Seeds were planted in pots from 9x4 Compak™ trays containing a 
3:1 (vol:vol) mixture of Sunshine LC1™:Vermiculite (approximately 100 cm3 of soil/plant), pre-
wetted with a 1.2g/L Gnatrol™/water solution to control fungus gnat (Bradysia coprophila) 
infestation. Eight pots were placed in each of four plastic bench top dual-chambers with a 
continual supply of two component pre-mix primary CO2 with balanced air cylinder tanks with 
p[CO2] at either 200ppm or 750ppm (cylinders supplied by S. J. Smith, Champaign, IL). 
Premixed gas entered the chambers through 1/4” ID Nalgene tubing at a rate of 4 scfh (model no. 
VFA-1-BV, Dwyer Visi-float® flowmeters). Using Vernier CO2 Gas Sensors (Model CO2-
BTA), actual p[CO2] was measured to be slightly higher than expected at approximately 325 and 
850ppm due to condensation from high humidity inside the chambers. Growth conditions 
consisted 12h days/12h nights at 18-20°C under 48" T8 cool white, high output fluorescent 
lamps (32W, 4100°K). Onset HOBO® data loggers (Model U12-012) monitored temperature, 
relative humidity, and light levels (Figure 4.2). Two weeks after planting, each pot was thinned 
to one plant. After four weeks, when leaf six was fully expanded (about 50% rosette growth, 
Boyes, 2001) and plants were still in visibly vegetative phase producing additional rosette leaves, 
they were moved into the bench top dual-chambers. The plastic divider separating upper and 
lower chambers had eight 1.5cm holes surrounded by 1.24cm poly natural foam, to separate 
older from younger rosette and cauline leaves. The joint between the upper and lower halves of 
each chamber was sealed using Tecnec® gaffer’s tape. 
After inflorescences had bolted (mid-flowering, Boyes, 2001), optical topometry (OT) 
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measurements were taken from the first cauline leaf of the inflorescence, the youngest 1cm 
rosette leaf to develop in the chamber's upper half and leaf 6 from the mature rosette in the lower 
half. For these measurements, a Nanofocus µsurf explorer® optical topometer at 50x 
magnification with a 0.8 numerical aperture was used. In addition to SI, leaf epicuticular wax 
accumulation was estimated using the reflective intensity of an optical topometry measurement 
(Haus et al., 2015). 
 
Effect of Parental p[CO2] on Cotyledons  
Col-0 seeds that matured on mother plants grown in either 400ppm or 1500ppm p[CO2] for two 
generations were imbibed in 50% glycerol for three days. Ungerminated cotyledons were 
separated from their seed coats and radicles. OT measurements were taken on the abaxial side of 
the cotyledons as described above. Reflective intensity surfaces from OT measurements were 
used to enumerate stomatal precursors (identifiable meristemoids and GMCs) and pavement cells 
in all samples. Stomatal Precursor Index (SPI) was calculated by dividing the number of stomatal 
precursor cells by total cell number. 
Col-0 seeds that had matured in either 400ppm or 1500ppm p[CO2] were also germinated in both 
400ppm and 1500ppm p[CO2], resulting in four different atmospheric treatment combinations. 
Abaxial cotyledon surfaces from seeds matured under each of these treatment regimes were 
measured using OT as described above. Pavement cell number, stomate number, satellite stomate 
number (Figure 4.1A and D) and stomatal triplet stomata numbers (Figure 4.1B) were obtained 
and satellite index (SatI) was calculated as the proportion of satellite and amplification events 
over the total number of stomata. The location of each stomate was recorded and used to derive a 
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mean distance between stomata.  
 
Statistical Analyses 
In order to determine the response of stomatal parenting to different ρ[CO2] across the plant 
tissue, we ran an ANOVA in SAS PROC MIXED. The experimental model was as follows: 
௜ܻ௝௞ ൌ 	μ ൅	ܯ௜ ൅ ܦ௝ ൅ ܯܦ௜௝ ൅	݁ሺ௜௝ሻ௞ 
where Yijk represents the phenotypic mean of a genotype, Mi is the effect of the ith atmospheric 
carbon dioxide concentration experienced by mature tissue, Dj is the effect of the jth atmospheric 
carbon dioxide concentration experienced by the developing tissue, MDij is the interaction of the 
ith atmospheric carbon dioxide concentration experienced by mature tissue and jth atmospheric 
carbon dioxide concentration experienced by the developing tissue, and eijk represents the 
residual error. All effects were considered fixed. This model was applied to both the dual-
chamber leaf tissue and trans-generational cotyledon experiments. In the dual-chamber leaf 
tissue experiment, the mature tissue’s atmospheric environment was considered to be in the 
lower chamber and the developing tissue’s atmospheric environment was considered to be that 
experienced by the upper chamber. Leaf type (mature rosette, young rosette, and cauline) had a 
strong effect in the model, so each was analyzed independently. In the trans-generational 
cotyledon experiment, the mature tissue’s atmospheric environment was considered to be that 
experienced by the parental plant and the developing tissue’s atmospheric environment was 
considered to be that experienced by the germinating cotyledon. 
 
RESULTS 
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Long-distance signaling in stomatal development 
Previous studies had suggested that mature rosette leaves of Arabidopsis can perceive 
environmental conditions, transduce these perceptions into a mobile signal and thereby influence 
stomatal density and index in subsequently emergent leaves apical to them (Lake et al., 2001). 
We constructed a dual environment growth chamber to extend these studies to ask whether 
signaling encompasses the anatomically different path and greater distance between rosette 
leaves and cauline leaves. Accordingly, bench top two-chamber environments were constructed 
in order to subject mature rosette leaves to different gas mixtures than either young rosette or 
cauline leaves, in separate experiments (Figure 4.3A). Mature rosette leaves were subjected to 
the p[CO2] of the lower chamber, while the young rosette and cauline leaves experienced a 
separately regulated p[CO2] in the upper chamber. Using this system, we set out to test the 
hypothesis that a mobile signal from mature leaves informs emergent leaves about the p[CO2] of 
its environment and the latter adjust their development accordingly. Young rosette and cauline 
leaves would therefore be predicted to display developmental changes dictated by the 
environment of the lower chamber, independent of the conditions they experience in the upper 
chamber. 
Mature rosette, young rosette and cauline leaves from plants grown in each of four possible 
combinations of 200 ppm/750 ppm p[CO2] x upper/lower chamber were scored for SI. Overall, 
and contrary to expectation from previous studies, Arabidopsis leaves grown in this system 
tended to respond to higher p[CO2] by increasing, not decreasing SI. Mature leaves responded 
the most dramatically, with a significant increase in SI when grown at elevated p[CO2] compared 
to growth at sub-ambient levels (Figure 4.3B, p = 0.0002). Mature leaves were not significantly 
responsive to the p[CO2] experienced by younger leaves emerging acropetal to them.  
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Young rosette leaves tended to have a higher SI than mature leaves under all growth conditions. 
While they displayed a pattern of responses to p[CO2] similar to that of mature leaves, the effect 
was less dramatic in young rosette leaves, with a statistically significant difference only between 
the 200/200 and 750/750 treatments (Figure 4.3C, p = 0.02). When mature and young rosette 
leaves of the same plants experienced different p[CO2], the SI of young leaves was intermediate 
between that of developmentally similar leaves on plants grown under uniformly high or low 
p[CO2] conditions. The two intermediate indices did not differ from one another (Figure 4.3C, 
p=0.92). The SI of developing young rosette leaves was affected by the p[CO2] they experienced 
and that under which leaves basipetal to them had matured, but not significantly (p=0.08 and 
0.11, respectively). These data differ from results reported in previous studies where young 
leaves were dramatically affected by conditions experienced by leaves emerging before them 
(Lake et al., 2001). Cauline leaves' SI appears to be strikingly impervious to variation in the 
p[CO2] that they, or organs emerging before them, experience (Figure 4.3D, p = 0.6745).  
 
Trans-generational signaling in stomatal development 
While our data suggested that stomatal development in immature rosette leaves is not necessarily 
affected by signals from mature leaves (Figure 4.3), other studies have shown evidence for long 
distance signaling (Lake et al., 2001; Miyazawa et al., 2006). If such signals are stable, then they 
may be transmitted trans-generationally, from the mother plant to the cotyledons of the next 
generation’s seeds. To test this hypothesis, seeds that matured on plants grown in 400 ppm or 
1500 ppm p[CO2] were collected and germinated in either 400 ppm or 1500 ppm p[CO2], 
yielding four treatments: 400:400, 400:1500, 1500:400 and 1500:1500 ppm. Germinating 
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cotyledons from each regime were scored for SI, satellite index (SatI, proportion of satellite 
stomata per total stomata), proportion of triplet stomata, and the distances between stomata. 
SI of germinating cotyledons was significantly lower in the 400:400 ppm treatment than in any 
regime that included exposure to 1500 ppm p[CO2] (Figure 4.4A, p = 0.04). It did not seem to 
matter whether cotyledons are exposed to 1500 ppm p[CO2] before or during germination for SI 
to be higher than that in 400:400 ppm treated material.  
SatI was highest in 400:1500 ppm cotyledons and lowest in 400:400 ppm cotyledons (Figure 
4.4B, p = 0.01). Other conditions yielded intermediate SatI levels. These results support the 
hypothesis that formation of satellite stomata is a point of p[CO2] regulation during stomatal 
development. Overall, the effect of the germination environment was found to play a greater role 
in determining SatI than the effect of the parental environment (p = 0.05). 
The occurrence of triplet stomata, as a proportion of satellite stomata, did not differ among the 
four treatments (Figure 4.4C, p=0.68). Among the satellite stomata formed on 1500:1500 ppm 
cotyledons, 35% went on to create a new satellite stomate compared to 28% in 1500:400 ppm 
cotyledons. Only 15% of satellites in 400:400 ppm and 1500:400 ppm cotyledons created an 
additional satellite. The parental environment may account for more differences in triplet 
satellites than the germination environment, although the effect was not statistically significant 
(Figure 4.4C, p= 0.076).  
Among the four treatments, the mean distance between stomata differed significantly 
(p = 0.0012, Figure 4.4D). Given that SatI was highest in 400:1500 ppm cotyledons (Figure 
4.4B), we hypothesized that these cotyledons would display the shortest mean distance between 
stomata. Instead, the 1500:1500 ppm treatment displayed the shortest mean stomatal distance, 
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potentially due to having both a high SI and higher triplet proportion (Figure 4.4A and C). 
Finally, while stomata on cotyledons from the 1500:400 ppm treatment were separated by greater 
distances than those subjected to other treatments (176.8µm, p = 0.02), this result is not readily 
rationalized from its SI, SatI or triplet data. 
Germinating cotyledons from the 1500:1500 ppm treatment had a lower SatI than the 400:1500 
ppm cotyledons, but both shared the same SI (Figure 4.4A and B). This could be explained if 
cotyledons developing at 1500 ppm produce a higher proportion of stomatal precursors than 
those developing at 400 ppm. Cotyledons from ungerminated seeds from these two treatments 
would be expected to display stomatal differences in the epidermis prior to germination, since 
stomatal meristemoids and GMCs begin to develop during seed maturation. Additional stomata 
or precursors would then differentiate from this set of “starter cells” during germination that 
consist of meristemoids and GMCs (Geisler and Sack, 2002).  If the stomatal precursor index 
(SPI, proportion of meristemoids and GMCs for total cell number) is determined by the parental 
environment during seed development and if parental p[CO2] influences cotyledon stomatal 
development, then SPI of ungerminated cotyledons should be seen to vary in response to p[CO2]. 
We grew plants and collected seed for two generations in either 400 ppm or 1500 ppm. Resulting 
seeds were dissected and ungerminated cotyledons were scored for SPI (Geisler and Sack, 2002; 
Delgado et al., 2011). Immature cotyledons from each parental plant begin with the same 
proportion of precursors per total cell number regardless of p[CO2] (Figure 4.5). These data 
suggest that the environment of the parental plant does not affect stomatal development during 
the earliest stage of cotyledon development. Any affect that the parental environment has on this 
phenotype must therefore be imposed after the initial cotyledon stomatal population is 
established, via subsequent amplification divisions or the generation of new stomatal precursors. 
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Epicuticular Wax Accumulation 
 The amount and composition of epicuticular wax on plant surfaces is sensitive to p[CO2] (Bird 
and Gray, 2003). Several epicuticular wax biosynthesis genes have been reported to govern the 
SI response to p[CO2] (Bird and Gray, 2003). Therefore, epicuticular wax may be 
physiologically involved in mobile signaling that controls stomatal numbers. We estimated 
cuticular wax levels from plants grown in the bench top dual-environment chambers using 
optical topometry (OT) (Haus et al., 2015). The results of this study were strikingly consistent: 
regardless of leaf type, p[CO2] of the upper chamber (exposing younger leaves) dictated wax 
levels across all three leaf types measured: mature rosette, young rosette and cauline leaves 
(Figure 4.6A, p < 0.0001). Young rosette and cauline leaves responded to p[CO2] by producing 
more wax in 750ppm and less wax in 200ppm (young rosette leaves p = 0.0024; cauline leaves p 
= 0.0097). Interestingly, wax levels on mature rosette leaves appear to correspond with the 
environment experienced by organs that develop subsequent to them (p = 0.0193).  
Epicuticular wax levels on the epidermis of cotyledons were also estimated by OT (Figure 4.6B). 
Cotyledons that experienced only ambient p[CO2] showed significantly less wax accumulation 
than those that experienced only elevated p[CO2] (p = 0.0089). As in the dual-chamber 
experiment described above, wax accumulation corresponded to the current environment (p 
=0.0088) and significantly less so by the parental environment (p= 0.31).  
 
DISCUSSION 
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Long distance communication networks allow plants to alter development and morphology of 
young tissue based on the environment experienced by mature tissue. This adaptation allows 
newly developed organs to alter development for optimized growth under changing 
environmental conditions (Lake et al., 2001; Lough and Lucas, 2006). Arabidopsis plants have 
been reported to alter stomatal patterning (SD and SI) in response to p[CO2] levels experienced 
in mature tissues (Lake et al., 2001). In our study, we did not find evidence to confirm these 
previous reports. Additional environmental factors impinge upon the developmental trajectory of 
the plant epidermis, and these may have overridden effects of treatments imposed here. For 
example, the SI of expanding leaves increased under elevated p[CO2] instead of decreased. The 
disparity between our results and those from previously published studies could be accounted for 
by the very high humidity that developed inside our chambers (Figure 4.2). It has been reported 
that the SI response to doubling p[CO2] concentrations is co-dependent upon water availability 
(Woodward et al., 2002). When grown in elevated p[CO2], Col-0 plants decrease SI by 6% in 
normal conditions, but decrease SI by 20% in drought conditions (Woodward et al., 2002). If 
plants alter SI in an effort to reduce water loss, it stands to reason that when this selective 
pressure is minimized, increasing SI may be more advantageous. The lack of pressure to reduce 
water loss may also provide an explanation as to why young, developing leaves did not alter SI 
as significantly as previously reported. 
We found that epidermal development in some tissues is relatively impervious to ambient 
p[CO2]. Previous studies have reported that there is a significant effect of mature tissue on leaves 
that developed in a different atmospheric environment, but the developmental separation 
between the two leaf types was only two leaves (Lake et al., 2001). That is, leaf 13 was the last 
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leaf considered “mature tissue” and leaf 16 was collected as “young tissue.” Our experiment 
provided a greater developmental separation between the two leaf types (leaf 6 and youngest leaf 
available >1cm), and also had little effect of the mature tissue on the young tissue. The SI of 
cauline leaves does not respond to changes in p[CO2]. Taken together, these results suggest that 
any signal available is not necessarily systemic as the signal fades after a few leaves and perhaps 
never reaches cauline leaves. 
Our data concur with results of a prior study in which stomatal density in mature rosette leaves 
of Arabidopsis was tracked for 15 generations of p[CO2] enrichment (Teng et al., 2009). 
However, our results do not agree with their observations of cotyledons during germination. We 
show that this developmental plasticity is trans-generational as stomatal numbers on cotyledons 
of germinating Arabidopsis seeds are governed significantly by the p[CO2] environment 
experienced by the parental plant. When germinated in ambient p[CO2], seeds that matured in 
elevated p[CO2] had a significantly higher stomatal index than those that matured in ambient 
p[CO2]. Some information was passed from the 1500ppm p[CO2] environment to encourage an 
increase in SI when the seeds were germinated in 400ppm p[CO2] (Figure 4.4A).  
Recent studies on the role of sugar on stomatal distribution demonstrated that sucrose, fructose, 
and glucose (but not mannitol) concentrations result in an increase of stomatal clustering in 
Arabidopsis seedlings (Akita et al., 2013). Clustering events occur as a disruption of the one-
cell-spacing rule that is regulated by spacing and amplification divisions. Furthermore, sugar 
treatments could induce expression of stomatal lineage genes in non-stomatal lineage cells. 
Another study showed that, when grown in a closed container and under increasing sucrose 
concentrations, Alocasia amazonica plantlets also increased SD. For the first time, we have 
observed that p[CO2] regulates the stomatal developmental pathway through the formation of 
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satellite meristemoids (Figure 4.4). Ungerminated cotyledons with differing stomatal precursors 
present no difference in SPI (Figure 4.5). Given that sugar resources are stored as unusable 
starches before germination, the difference between available carbon post-germination, either in 
the atmosphere or stored in the seed, may be the regulating signal defining stomatal 
development. 
Stomatal development has been shown to occur in synchronous waves of cell division (Geisler 
and Sack, 2002; Delgado et al., 2011). In addition, p[CO2] has been shown to regulate stomatal 
development in such a way that mature tissue informs new tissue how to develop (Lake et al., 
2002; Woodward et al., 2002). Finally, genes that play a role in the regulation of development in 
response to p[CO2] have been identified (Gray et al., 2000; Hu et al., 2010; Engineer et al., 
2014). To that developing narrative of environmental control of stomatal development, this study 
adds the nuance that p[CO2] regulation of stomata development occurs specifically via the 
formation of additional satellite stomata, not through the core pathway. 
The signal controlling changes in stomatal development is currently unknown but may be 
directly or indirectly related to cuticular wax biosynthesis. Several cuticular wax biosynthesis 
genes are known to alter SI in response to p[CO2] , so cuticular wax may be involved in long-
distance signals that control stomatal numbers (Gray et al., 2000; Chen et al., 2003; Yang et al., 
2011).  We found that cuticular wax accumulation is sensitive to the environment experienced by 
developing tissue. Alternatively, cuticular wax quantity may not be involved in long-distance 
signaling that controls stomatal development, but may be response to elevated p[CO2] of 
undetermined adaptive value. To our knowledge, no data yet exist that describe the changes in 
wax composition of leaves throughout the life history of the plant, except for one study that 
follows wax composition over the development of a leaf (Jetter and Schäffer, 2001). There are, 
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however, studies that characterize changes in wax deposition as a response to environmental 
cues, but these only present the final outcome (Hatterman-Valenti et al., 2011; Yang et al., 2011; 
Zhou et al., 2015). This study presents new questions regarding the change of wax composition 
and deposition as the plant experiences environmental changes throughout its lifetime. 
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Figure 4.1. Morphologies in Stomata Patterning. A) Two satellite stomata resulting from a 
spacing division. B) Triplet satellite stomata resulting from two spacing divisions. C) 
Amplification Division in which three, successively smaller stomatal lineage ground cells 
separate the stoma from potential neighboring stomata. D) Combination of a spacing division 
and and a single amplification division.  
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Figure 4.2. Bench-top Chamber Environment. HOBO data logger output from one dual-chamber 
experimental run. Information shown is representative of all experiments run in dual-chambers. 
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Figure 4.3 Stomatal indices across plant tissues as a function of [CO2] (error bars, s.e.m.; n = 
16). A) Bench top chamber design. Each chamber had two rows of four 5.5 cm2 pots. B) Mature 
rosette leaf stomatal index under four CO2 combinations. C) Young rosette leaf stomatal index 
under four CO2 combinations. SI of mature and young rosette leaves in 200ppm was 
significantly different from those in 750ppm (p<0.0002, p = 0.02, respectively). D) Cauline 
leaves under four CO2 combinations. Cauline leaf SI did not significantly differ with [CO2] (p = 
0.68).  
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Figure 4.4. Cotyledons from seed set and germinated in differing p[CO2] environments (error 
bars, s.e.m.; n = 10). A) SI was greater in all conditions where p[CO2] was elevated (p = 0.04). 
B) SatI across the four treatments. C) Proportion of satellite stomata that made a third satellite. 
D) Average distance between two stomata in four treatments. 
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Figure 4.5. Distribution of SPI in ambient and elevated maternal conditions. A) Reflective 
intensity of the surface of the abaxial side of a cotyledon. Stomatal precursors are false colored 
in red. B) Using an α of 0.05, there was no significant difference between ambient and elevated 
maternal [CO2]. F = 0.02 and p-value of 0.9004 
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Figure 4.6. Wax deposition is dependent upon the environment experienced by the youngest 
leaves. A) Three leaf stages of plants grown in a split-environment chamber (error bars, s.e.m.; n 
= 16) and B) Cotyledons exposed to identical or contrasting parental and germination p[CO2] 
conditions. (error bars, s.e.m.; n = 10). Each of the leaf types was analyzed independently and 
letters do not necessarily correspond across leaf type. 
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Figure 4.7. Stomatal Density of A) Leaves at three stages from plants grown in a split-
environment chamber (error bars, s.e.m.; n = 16) and B) Cotyledons exposed to identical or 
contrasting parental and germination p[CO2] conditions. (error bars, s.e.m.; n = 10).  
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